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1 . INTRODUCTION 
Enzymes are the JtunctionaX units o£ cel l 
laetabolism. They are proteins specialized to catalyze 
biological reactions, ittiey have extraordinary {^ecifi-
c i ty and catalyt ic power, which are far greater than that 
of synthetic catalysts . The unique catalyt ic properties 
of enzymes have led to effective escploitations in the 
food industry (D^ordjevic ^ ^ # » 1984; Reed, 1975) analy-
t i c a l chemistry (Guilbault, 1970), preparative organic 
cheffiistry (Jones j t j i . , 1976) and medicine (Ohnishi, 1984j 
Ohnishi jgt ^,f 1976), Despite thei r great potent ia l , 
there are not many enzymes that are being used in industry 
and medicine. 
There are a number of factors responsible for the 
limited use< of enzymes in industries. Cost of the enzymes, 
t he i r short half-l ives and the i r inabil i ty to act under con-
di t ions other than the physiological ones are some of the 
l imi ta t ions . To overcome these l imitations, biotechnologists 
employ different techniques to immobilize enzymes. There 
are thrae ma^or reasons for immobilizing enzymes. F i rs t ly , 
immobilized enzymes offer a considerable operational advan-
tage over freely nK>bile enzymes, Secondly, they may exhibit 
selectively altered chemical or physical propert ies. Thirdly, 
immobilized enzymes may serve as model systems for natural 
in vivo membrane-bound enzymes. General operational advan-
2 
tages of imaobiliz&i enzymes are reusability, possibility 
Q£ batch or continuous operational modes, rapid termina-
tion of reactions, controlled product formation, ©reater 
variety of engineering designs for continuous process and 
possible greater efficiency in consecutive raultisterp reac-
tions. 
Immobilized enzymes are now being successfully 
used in diverse areas including chemical and food industries 
(Chibata and Tosa, 1976; Dogu et j ^ , 1985; Kagashlma ^  a^,, 
1984), chemical analysis (Amarant and Bohak, 1981), synthe-
sis of pharmaceuticals (Abbott, 1976), medicine (Duarte and 
Lilly, 1984; Kochida Pharmaceutical Co., 1984), preparative 
biochemistry (Sdi^er j|t ^ ., 1934; Jakoby and Wili^ek, 1974) 
and for commercial purposes (Iqbal and Saleemuddin, 1985). 
Nucleic acid modifyjjig enzymes have also been immobilized 
with considerable success (Nilsson and Kosbach, 1981; Bulow 
and Mosbaoh, 1982). 
The choice of method of immobilization and that df 
carrier is largely responsible for successful immobilization 
of enzymes. The procedures used for immobilizing different 
enzymes for various purposes are discussed in the following 
pages. A schematic representation of the many available 
methods of immobilization is shown in Figure 1. 
Polymer 
Enzyme 
Extropment 
Microencapsulation 
Adsorption 
Enzyme 
Carrier 
Covolent Binding 
Crosslinkinq 
1.1 Covalent Attachment 
The covalent attachment o£ water soluble enzyme 
molecules throu^ non-essential amino acid residues to 
water insoluble functionalized supports i s a prevalent 
method for immobilizing enzymes. I t can involve the 
activation o^ support material for reaction with a protein 
groi^ or the activation of protein group for binding to 
support* In order to overcome diffusional res t r ic t ions and 
s t e r i c himirancet a spacer arm together with a coi^ling 
reagent may also be used for attaching the protein with the 
support. 
The water insoluble supports can be either organic 
or inorganic* A number of supports l ike agarose, dextran, 
cellulose, chit in, glass, etc« have been used* Fibrous 
supports are also used for imir^bilization (Ichiro ^ a l . . 
1982), Some new polymers l ike crosslinked acrylic acid-
styrene copolymers and poly(vinyl) alcohol activated with 
maleimide groins (f^necke and Vogt, 1980) aiKl cellulose* 
0-ethylamine and cellulose dlaldehyde (Kurtossy, 1982) are 
also used as supports for the purpose of enzyme immobiliza-
t ion , Some of the coiynon coupling agents used are cyanogen 
bromide, glutaraldehyde, isocyanates, carboxyethyl cellulose 
azide, thiophosgene and carbodiimide (Zaborsky, 1973), The 
reactions involved in covalent attachment of enzymes to an 
insoluble carrier are shown in Figure 2, 
Ftgua?e 2, Schematic representation o£ coval^at 
attachment of enzymes to water inso-
luble carr iers . 
(a) Preparation of cyanogen bromide 
activated derivative and i t s attach-
ment to an enzyme, 
(b) preparation of carboxymethyl cellulose 
and attachment of enzyme to active 
derivative. 
(c) Preparation of diazonium chloride and 
attadiment of ^zyme th rou^ azolink-
age. 
(d) p r^a ra t ion of isocyanate and isothio-
cyanate and their attachment to an 
enzyme. 
(f) Preparation of an active pseudourea 
from a carboxyl and carbodiimide and 
reaction with an enzyme forming amide* 
linkage. 
^ • ^ ° ^ -CH - 0^ 
fmminocarbonic acid 
'^ r""^C=NH.NH2-Enzyme ' ' ' ^ ' ' 
-^  ~ /Ch-O-CONH-Enzyme 
carbamic acid ester 
^ HCI °^ ^2COOCH3 >'>OCH2CONHNH2 
CM-cellulose ^^l^^ . . .. 
2)>OCH2CONHNH2 J i S ^ s ^ OCH2CON3 
3)>OCH2CON3 . NH2 -Enzyme - ^ >0CH2C00NH-Enzyme 
\ r-^ Ki ../^  CMC-Protein conjugate 
2' ) - R - < ^ 2 C r ' H ( K g > - E n z y m e - ^ > R ^ 5 y N = 
CICCI 
1 1) ) - R ^ N H - r ~ ^ >R<§)-NCO isocyanate 
} - R X § ) - N C S isoth locyanate S 
CICCI 
2 ) > R < § > N C O . N H 2 - E n z y m e — * > R ^ N ? N H - E n z y m e 
3))-R-<^NCS.NH2-Enzyme ^>R^NCNH-Enzyme 
?' R' 
R R" 
Carbodiimide 0-acylisourea 
>COOC »NH2-Enzyme-»X:0NH-Protein* 0=C • H 2) 
k" NHR"' 
A few recent examples o£ enzymes coupled c©valently 
to aolXjsX supports are pepsinogen ^n SepJbarose (^asmuzzaioan 
and Haard, 1984), ^oxide hydrolase to dextran activated by 
imidazole carbonate (Ibrahim ^ ^ . , 1985)» lirease on a 
polyacrylaside type support having carboxylic rimctional 
groins (Dala and Sza^anif 1984), p ^ s i n to gel-forming a l -
bumin in the presence of glutaraldehyde (Buerger and 
Hartmeier, 1983), cellobiase on a dialdehyde deictran 
(Lenders jet a^,, 1985)» carboxypeptidase on an acrylic poly-
iaer (Boross &t j ^ , , 1985)» =c-amylase on par t ia l ly iiaido 
esterized granular polyacrylonitrile by an aiaidation reac-
t ion (Handa ^ al», 1984), glucose oxidase on Con A cellulose 
and Oon A Sepharose (Iqbal and Saleeouddin, 1983at 1983b) 
and invertase to s i l i ca gel and port>us glass via i^utaralde-
hyde (Mansfeld and Bchellenberger, 1986), 
The enzyiQes that are immobilized to solid support by 
covalent coupling are usually attached very stnjngly. How-
ever, chemical inactivation of the enzymes occurs often and 
thus the active center residues should be carefully avoided 
during iiBiiiobilization* 
1,2 Adsorption 
Biis method of p r ^ a r i n g water-insoluble imzyiae 
conjugates i s one of the simplest. I t consists of contacting 
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an aqueoua solution of an enzyme with a sitrf ace«active 
adsorbent and washing the resulting conjugates to remove 
any non-adsorbed enzymes. The idea of adsoi^tion o r ig i -
nates from the fact that these enzymes in imi!K)bilized forms 
wil l behave jLn vitro as sjodels for Jji vivo membrane bound 
enzymes such as those part icipating in active transportt 
respirat ion, p«>tein biosynthesis aixi photosynthesis 
(Melrose, 1971), 
The adsorption of an enzyme onto a water-insoluble 
material i s d^endent on variables as pH, nature of the 
solvent, ionic strength, concentration of protein and adsor-
bent, and temperature. A good review of these variables has 
been given by McLaren and Packer (1970), The adsorbents are 
ei ther o r j ^ i c (Kuraray, 1984) or inorganic (Samoshina gt al.# 
1984) in nature, and often require special pretreatments in 
order to ensure good adsorption. 
Adsorption of enzymes to support can be attributed 
to ion-exchange mechanism, to simple physical adsorption or 
to physicochemical bonds created by hydrophobic interactions, 
vender tfaals a t t ract ive forces, etc, (Kessing, 1970), Some 
recent examples of adsoz^tion are ^ -^ lac tos idase on s i l o -
chrome modified with silylUndecanoic acid (Samoshina ^ a^«, 
1984), alkaline phosphatase and trypsin on activated alumina 
par t i c les (Koga e t ^ , , 1984aj 1984b), invertase on poly-
acrylamide gel and on cheese cloth (Dogu j[t aj^,, 1985; 
Yamazaki et j ^ , , t9@ )^> glutamate dehydrogenase and p ^ s i n 
on Triton X-100»substituted Sepharose 4B <Nemat*>Corgeni and 
KariJiiian^ 198^0 • lysozymet glutamate d^ydz^genase enti ^ -
galactosidase on palmityl-substituted Sepharose 4B and on 
diinethylaminated poly (vinyl) alcohol (Nemat-Gorgani and 
Karifflian, 1982; IchLlo et a2.»« 1986) and celliaase on Q^ 
cellulose (KumaKura, 1936)* 
Althou^ th is method has a number of advantages l ike 
operational sio^lici tyt mildness causing l i t t l e or no enzymic 
inactivation.and reversibi l i ty permitting the reuse o£ both 
the support and the enzyme for other purposes, i t i s not with-
out i t s disadvantages. The optimal conditions for immobili-
zation are achieved by t r i a l and error. Leakage of the en-
zymes also occurs when operating at h i ^ substrate concentra-
t ions . 
1.3 Qiemical AgiBgregation 
The preparation of water-insoluble enzyme derivatives 
using low molecular we i^ t b i - or multi-functional reagents 
i s an easy method of enzyme immobilization. I t involves the 
covalent bond formation between molecules of the enzymes and 
the reagent to give intermolecularly cross-linked species. 
The commonly used bi-functional reagents include dimethyl 
adepimate, 2-4-diisocyanotoluene, diazobenzedenet 1,5-difluoro« 
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2,4-dinitrobenzcne and glutaral<iehydet Excellent reviews 
oti the u t i l i t y and scope o£ the bi* ai»i multifunctional 
reagents are available (^asold jgt ^ . i 19711 Wold, 1972; 
Zaborsky, 1973j Stanley and Olseni 1975i Peters and 
Richards, 1977)• Aoong the croas-linking agents studied, 
filutaraldehyde i s considered the best, with the added ««lvan-
tage or beJjig highly soluble in aqueous media. I t readily 
reacts and binds covalently with the ^ 'amino groii^is of 
\ 
lysine residues (Habeeb ai^ Hiresioto, 1963)• fbis procedure 
has been proved as one of the good cotipling sethods 
(i?igure 3 ) , 
aiutarald^yde was f i r s t applied for cross^linising 
of ribonucl^ise crystals (Oiidio and Hi^arda, 1966)* Later, 
Habeeb (1967) and Habeeb and Hirafnoto (1963) iosssobilized 
some other proteins and enssyses using glutarald^yde« A 
ch^asically ag^egated preparation of trypsin was stade tif Bano 
j t a^ > (1930), Some water insoluble derivatives were also 
prepared by adsorption of enzytoes on surface active support 
followed by crosslinKing (aroun j | ^ • t 1970? Yarsazaki ^ ^ . , 
19S4), Recently, a sia^or glucoao^ylase from Rhlzopus species 
was poly&erized by crosslinking with glutaralddiyde (Xakahashl 
^ ^ . 1986). 
Advantages of th i s procedure of imniobilization of 
enzymes include no increase in the laass of the pri^aration due 
Figure 3* Schezaatic representation o£ the preparation 
of an active aldehyde derivative and Its 
attachment to an enzvme* 
Figure 23* ImmunodiXfuaion of rabbit antisera 
raised against commercial F(ab')2« 
The antiserum was taken in the central 
well* The conmiericaX and esqjerimental 
PCabOp ®s antigen were taken in the peri-
pheral wells. 
C a commarcial F(ab»)« 
E e esqperimental F(ab*)2 
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to absence of carrier and very high stabil izat ion due to 
in te r - as well as lntran»lecular crosslinking* However, 
chemical aggregation of enzymes has also i t s disadvantages,, 
There isay be unavoidable inactivation of the enzyme caused 
by chemical modification, and the gelatinous nature of 
these enzyme derivatives makes i t diff icul t to use them in 
some column operations. 
'^•^ ghtraoreent within Crosslinked Polymers 
In order to entrap an enzyme, either a crosslinked 
polymeric network is formed around the enzyme molecule or the 
enzyme is mixed with the polymeric material and the polymeric 
chains are then crosslinked« Enzyme molecules are physically 
entrapped within the polymer lattice and cannot penseate out 
of the gel metrix, but appz^priately sized substrate and pro-
duct s^lecules can transfer across this network to ensure a 
continuous transformation* Polyacrylamide gel is the most 
commonly used polymeric system, thou£^ starch, silica gel and 
silicon rubber have also been used (Kennedy jt a|^ ., 1985; 
Sharma et a,;i,. 1982), Recently, alginic acid, fibrin network 
and carrageenan have also been used for the entrepment of 
enzymes and living cells (Bucke and Wiseman, 1931$ Inada jgt a^., 
1980; Matsushita Electric Works Ltd., 1984; De Taxis du Poet 
et ai., 1984). 
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A great mtmher o£ enzyiaes and llsrlng cei ls have beeii 
entrapped and brou^ t in dUi&r&at uses. These include 
p ^ a i n , trypsin and <^ -chyiaotiifpsin in polyacrylam34e gel 
(Kawabe and Kawabe, 1981| Martinek et ja|. . 1982), giucoafliy-
lase , imrertas© ai^ cellobias@ in crosslinked gelatin beads 
(Kennedy et ajl«> 1984), tyx^osinase in Enzacryl M (Vilanova 
j ^ ll.»» 1984), gluasaa^lase in starch (Kennedy gt ^^^ 1985), 
oC -aisylase in d r i ^ spheres s^de Xrcia OR alginate solution 
containing negnetie par t ic les (Burns j | ^ . , 19S5), E» coli 
BZ16 in carrage^mn beads {De TBXIS du Pt>et, 1^4) , 
Concanavalin A-glucose oxiaase and yeast ca l ls in caloi^ua 
alginate beads (HussalJi j | j ^ . , 1985 f Nagashima ^ jaj^., 1984) 
and cellulase aM cellobiase in hydropbilic glass Xeraing 
monomers with application o£ radiation technology (Higa j | t ^» 
1986), The s tab i l i ty ot ssost o£ the entrspped enzymes was 
greater than that Q£ the soluble ensymes and the i»m»bilized 
l iv ing ce l l s could be stored for siuch longer p^*iod3« the 
production o£ ethanol and cholesterol degradation by entrepped 
ce l l s has also been studied (Fang ^ a^«, 1934; Duarte and 
Li l ly , 1984), 
The l a t t i c e entrapment sethod for ioa&obilizing enzymes 
has certain advantages, l$kQ e^^eriinental sizaplioity, t^e 
need for only sisall aiaounts of enzyme and no chemical modi-
f icat ions in the enzyme* Leakage of the enzyi&e froxs the l a t t i c e 
13 
network am the limlt&tlon to only small &Xz&d substrates 
arc the disadvantages o£ t h i s procedure* 
1»5 Microencaosulation 
^z^mes can be imnK^biiizcd within micro<^3\iles 
that have either a permanent or con-^ernianent semliieraieable 
membrane, ^icroca^aules can bo iormoA ei ther by coac<^rva* 
t ion ( a physical phei^ mem>n ) or by interfacieX polymeriza* 
t ion ( a ^cmioal process )* f^n perioanent or **liQUid-
surractant** mes&branea are Xonsed by the ooBsbination o^ i^pro* 
p r i a t e surfactantsi ^^additives" and hydn>carbon3 (Zaborsky» 
1973)• Like in entrapeaent of enzycaea, t h i s Bethod also 
applies to substrate end products of low tsoleculeir wei#it* 
Fennanent stieroc^sules used for encs^sulati4>n of 
enzymes are sade from differ<mt materials l ike polystyrene 
(Chemg, 1964) cellulose n i t r i t e collodion (Caiang, 1964; 
Chang and Hae Intosh^ 1964; caiang et al«« 1971) and ethyl 
cellulose (Gardner ^ ^t$ 1971 )• Mesbrane formation has 
also been achietred with sil icone type polyi&ers (sesquiphenyl* 
siloxane aiKi s i l a s t i c ) t h rou^ a secondary emilsion tet^mique 
(Kita^iffia and Kondo» 1971} CStang^  1966)« In t h i s procedure* 
an i n i t i a l l y produced water«oil eamlsion i s added to another 
aqueous phase in order to fori^ permanent microc^sules. 
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IiBinobilization of enzymes by entr^ping the molecules 
within permanent semipermeable microcapsules vras f i r s t 
reported in the mid 60»3 by Chang (1964> 1965)• Since then, 
various enzymes have been iminobilized in miGroc€$>sules of 
different chemical cociposition, l ike catalase in collodian 
microcapsules (Chang, 1971)$ ^'asparaginase and urease in 
nylon microcapsules (Chang, 1969j ^ a r k s j t aj^*, 1969) 
urease in microcs$>sules foxmed by a complex membrane from 
cellulose sulfate and polydimethyl dia l lyl ammonium dbloride 
(Histan et ajL*. 1985) and invertase in polyamide microcs^suXes 
for possible hydrolysis of the accumulated sucrose in the 
intenst inal lumen (Rambourge et a^«, 1982). 
The immobilization of an enzyme in non*permanent 
microcapsules involves encs^sulating the px^tein solution with-
in a semi«^ermeable liquid surfactant membrane (May and Li» 
1972)« Using th i s technique, urease and phenolase have been 
imirK}bilized (^ Say and Li, 1972) and they showed substantial (sata-
l y t i c act ivi ty and presented no leakage d i f f icu l t i es . An 
excellent review has recently been given by Kotenko and Triimts 
(1985) upon the microencapsulation of physiologically active 
substances for sustained release of drugs* 
Intmobilization of enzymes by mioi'oencepsulation, 
resu l t s in no change in the inherent properties of the enzymes* 
The enzymes remain chemically unmodified and free in solution* 
i ?: II) 
Howefver, apparent changes in act ivi ty , Hi<^a@Xis 0!»zistant» 
pti-aetivity prof i le e t c , could be observed due to diffusional 
ef-Cects 0^ the laesibrane* 
1,6 IiBffioblllzed Proteolytic Enzymes 
Water-insoluble derivatives of proteolytic enzymes are 
useful for controlling digestion of proteins and determination 
of protein sequence, fhey are used frequently in industry, 
and in medicine in digestive disorders. In addition, many 
iiBisi^bilized proteases have been used as activators of the i r 
r e ^ e c t l v e zymogens, 
I^merous atteixpts have been made to imo^bilize 
different proteolytic ^izymes« A mimber of methods have been 
eaployed to prepare water*insoluble tjrypsin, Covalent linking 
of trypsin to cross*linked dextran (fanizawa and Kanaoka, 198^)i 
immobilization of trypsin on activated alumina par t ic les 
(Koga ^ ^,f 1984b), entre^ment of the enzyme in polyacryl-
amide gels (Kartinek gt a|,,, 1932), binding i t to cellulose 
and to polys i l ic lc acid (Itozawa et ^ , , 1981; Yankevit^ &t ^ , , 
1983) and aggregating i t chemically (Bano gt ^ , , 1980) are 
some of the recent examples of inrimobilized trypsin. All 
these p r^a ra t ion have been found to be hi^ily stable with 
considerable act ivi ty and ara used for various pui^oses l ike 
in the treatment of inflammation and hemorrahage (Kozawa 
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gt^Sj.*, 1981), in the transesterif ication o£ L-lyslne estera 
(Tanizawa and Kanoaka, 1984) aiKi for hydrolysis of casein 
(Bano et ^ , , 1980), 
Chymotrypsin has also been isunobilized by various 
procedures. I t has been con;}ugated to cyanogen-broraide act i* 
vated S^hadex and S^harose (Axen and Srnback, 1971; Clark 
and Bailey, 1984), I t has also been co^jled to CM«-cellulose, 
poly glutamic acid and polyacrylic acid (Patel et ^ , , 1967), 
in polyacrylamide gel (Kartinek e | ^ , j 1982) and to ethylene 
maleic anhydride ( 1 J 1 ) copolymer (Goldstein et igi,, 1970), 
Chymotrypsin entrs^ped in polyacrylamide gel showed higl^ 
cata lyt ic activity at elevated teajierature (Martinek et ^ , , 
1982). 
Papain i s another proteolytic enzyme that has been 
imoobilized by covalent linkage on Amberlite IRA 400 resin 
using glutaraldehyde as the coi^ling agent (Vaidya et a^,, 
1979), by entr^ment in crossl inked polyacrylamide gel (Kawabe 
and Kawabe, 1931) and by radiation polymerization of various 
monomers at low temperatures (Kumakura and Kaetsu, 1934), 
The structure and amino acid oisposition of pepsin 
i s shown in Figure 4 and Table I , respectively. I t undergoes 
rapid inactivation above pH 6 and has been fixed to albumin 
in the presence of a crosslinking agent (&ierger and Hartmeier, 
1983), to yeast cell surface (Hartmeier, 1981) on carboxyl 
17 
structure of Pepsin 
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TABLE - I 
Amino Acid Composition of Pepsin 
(Moles of amino acid per mole of p ro te in ) 
Lysine 
His t id ine 
Arginine 
Cystine 
Asp a r t i c acid 
Threonine 
Serine 
Glutamic acid 
Pro l ine 
Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Tryptophan 
NH3 
1 
1 
2 
6 
40 
25 
43 
26 
16 
34 
16 
20 
4 
23 
28 
16 
44 
6 
27 
* Rajagopalan, T.G., Moore, S. and Stein , W.H. 
(1966) J . Biol. Chem., 24l , 4940. 
containing PVC fibres (Gorakhova et j ^ « , 1982) and on porous 
glass (Lee et aj.*, 1977). I t has also been immobilized on 
amino hex/l Sepharose (Toinono et ^ « , 1981)» chitosan 
(Nithianandan et a|,«, 1979) and on sand (puvanakrishnan and 
Bose, 1984), 
Immobilized pepsin preparati^^ns have been used in 
medicine for the removal of circulating immme coirplexes 
from blood (Mochida Pharmaceutical Co, Ltd., 1984), in 
industry for clearer wine and i t s faster fermentation 
(Hartmeier» 1981) and for estimation of amino acid residues 
in a protein (Kikuni-Takagaki and Hotta» 1977) and in the p re -
paration of F(ab«)p fragments by limited cleavage of IgG 
(Toffiono et ^ . , 1981). The cleavage of IgG by p ^ s i n i s 
shown in Figure 3» 
1*7 Scope of The Thesis 
The present studies describe the p r ^ a r a t i o n of in-
soluble p€|}sin by crosslinking i t with glutaraldehyde, by i t s 
covalent attachment to cyanogen bromide activated S^hadex 
G-200 and by i t s adsorption to poly ethyl eneimine <x>ated cotton 
cloth, and their properties* The immobilized preparations 
show considerable enhancement in s tab i l i ty . They are quite 
stable under adverse conditions of teii|>erature and pH, and 
chemical denaturants. They can be stored for considerable 
periods and also show good reusabil i ty. 
Figure 5# Schematic rearesentatloq of cleavage of 
immunoglobulin . G by pepsin. 
"J3 
O 
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2.1 H^TmU^S 
^special reagents obtain$<i ^rom cozurierclal sources 
weres Porcine P ^ s i n 2 x carystallized 2500-3200 uni ts per 
mg protein, P^s ta t in^ Bovine Hestoglobin (Type IX)^ Bmsai 
Imiaunoglobulin G, H-Acetyl Phenylalanyl-3»5-ciiio<io-L-
tyrosine and Glutaraldehyde 2^% aqu^us solution (grade IX) 
(^igoa Chemicals Con j^any, USA); Sephadex G-200 (Phannaeia 
s'ine Obemicals Xnc«t Sweden); Casein and Bactoaear (Difco 
Laooratories, USA); Polyethyleneimine acetoni t r i le and 
Sodium iwrohydride (BDH, England); Cyanogen bromide (Sisco 
Research Laboratory, India), All the other cbesiicals used 
were o£ analytical grade and were obtained from BDH (India), 
£• Kterck (India), Glaxo Laboratories (India) and Baker 
(U.S.A.), 
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2.2 MSXHaJS 
2.2,1 EnZYm By>0BILX2AflOH 
Pepsin was iasBiobiliEed by ^eniical afigregation 
ualng epLutaraldehyde as erosslinking agent* by covalent 
attachinient to eyanogen broml4e activated Sephadex 0*200 
and by adaox^tion to polyethylenaimine coated cotton cloth 
followed by <3»osslinKing with glutaraldehyde. 
2,2.1.1 Preparation o£ Insolubillzed Pepain Using 
Glutaraldehvde as CP63S Linking Anent 
The inaolubilizad pepain waa pr^ared by the s^ethod 
of Habeeb (1967) with certain soodifications. One grem pepsin 
waa diaaolved in 20 ml of O.IK sodium acetate buffert P^ ^« 
6,25 g amHionluis sulfate for 50)i (w/v) saturation was added to 
precipi tate the protein and effect conju^tion of the aa^r-
phous par t i c les . The solution was placed in a refrigerator 
at 4°C for four hours and 1*6 IBI of 25f4 aqueous glutaraldehyde 
solution was added to make the final concentration of glutaral-
dehyde Zi (v/v) . In order to f ac i l i t a t e crosslinkingt the 
solution was placed in a mechanical shaker at room ten^jerature 
for two hours. To ret^ve the excess ^utaraldehyde^ the 
solution was allowed to remain in contact with 1.2 g sodiuca 
bisulf i te for one hour. The solution was centrifuged at 2000 
rp© at rooffi t e^e r a tu r e eaid the precipitat® was washed with 
a«) l\ J 
saline (0.85% KaQ) until free at yellow colour. To the 
preoipi ta te , 20 ral of 0,1M soUlom acetate buffer, pH 4.0, 
was added and th is suspension was treated with 25 tM 
sodium borohydride for three minutes to saturate the cross-
linked product (Figure 3) . After three minutes, the p re -
c ip i t a te was repeatedly washed with O.lli sodium acetate 
buffer, pH 4, and homogenized in a potter Elveh;3am homoge-
nizer with a loosely f i t t i n g Teflon for sixty seconds. The 
insolubllized preparation was finally washed with 0.1M 
sodium acetate buffer, pH 4, unt i l free of sodium chloride 
(AgNQ, t e s t ) and stored at 4®c su;^ended in the same b\iffer 
and used as insoluble p ^ s i n . The amount of protein cross-
llrO^^ with gXutaraldehyde was determine as described 
under Section 2.2.4,3. 
2 .2 .1 .2 . Immobilization of Pepsin on Cyanogen Bromide 
Activated S^hadex G-2QQ. 
S^hadex 0-200 was activated as described by Forath 
et a l . (1967)« 5 gm Sephadex was washed thorou^ly with 
d i s t i l l e d water in a sintercHi glass funnel. The gel was 
sucked dry and suspended in 150 ml of 0.1M carbonate-bicarbc 
nate buffer, pH 10, and mixed thoroughly by placing on a 
ma^e t ic s t i r r e r , 500 mg cyanogen bromide dissolved in 1.0 
ml acetonitr i le was added to the beaker containing Sephadex 
and mixed well in cold. The pH was maintained at 10 with 
sodium hydroxide. After 6 minutes, when the pH got s tab i -
lized at 10, the whole mass was transferred immediately to 
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a glass sintered funnel and washed with 0,1?^ cM'hon&te* 
bicarbonate buXI'er, pH 10. After thorough washing* the a c t i -
vated S^hadex v/as suspended in 150 sQ. of p ^ s i n aolution 
(5 ttig/t^ acetate buffer, pH 4, 0.1M), fhe su^ension was 
s t i r red on a inagnetic s t i r r e r at 4®C for 24 hours. In order 
to render the rasaining activated polymer inactive* 0«1M 
glycine (1,126 m in 150 a l i was added. After treatisent with 
glycine for one hour, the enzyate-polyaier was cashed thorougjjly 
with 0,1H acetate buffer, pH 4, end then suspend^ in 150 sal 
of the saiae buffer, the si^ernatsait and washings were pooled 
to determine the ai&ount of bound protein as described under 
Section 2 .2 ,4 ,3 . 
2 ,2 ,1 ,3 Binding of Peosio to Polyethyleneimine coated Cotton 
0,3 0B of 5056 poly ethyl enei^ine was dissolved in 150 sO. 
d i s t i l l e d watar to make i t s concentration to 0,1^ and i t s pH 
«fas adjusted to 7,0 with 0,1N HCl* To th i s 0 ,1^ solution of 
poly ethyl eneictine, were added 40 cotton cloth square pieces 
3 inches x 3 inches in s ize, arKi were lef t to soak i t for 30 
minutes at insom tea^erature, fhis was done to activate the 
cotton cloth with polyethyleneimine. The cloth pieces were 
then washed with d i s t i l l ed water and a i r dried. 200 ml of 
pepsin solution (5 lag/isl) in O.IFi acetate buffer, pH 4, was 
taken in a beaker and the activated cotton cloth squares were 
put in it* ^ e beaker was then kept overnight at 4°C with 
constant sloir shaking* Subsequently, 16 id of 25% (w/v) 
glutaral<lcihycie was added to mke the final concentration 
of glutaralddfciyde to 2% (w/v)» the solution was kept a t 
rooffi teoijerature for two hours with constant shaking. This 
helped in crosslinking the adsorbed pepsin* The enzyme 
bound cloth was t^en wash^i with O.IK acetate buffer^ pH 4^ 
af ter whi^ i t was blotted dry and stored at 4°c for use* 
The washings were collected to determine the a&x»unt of 
protein adsorbed to the c3.oth as described ui^er Section 
2.2*2 &imm ASSAys 
The following strjadard procedures were used for the 
aetermination of solubl:; as well as insoluble p ^ s i n a c t i -
v i t i e s . While assaying the insoluble pr^ara t ions^ the assay 
mixtures were ointimiously agitated medianically. 
2.2*2*1 Assay of Peptic Activity Using HeiiOfllobin as 
Substrate. 
With some iiiodifications, pepsin was assayed essent i -
a l ly by ti^ ie procedure described by Anson (1939). 0.3 BJI of 
O.IK KCl-HCl buffer (pH 2) was preincubated a t 37^C for 5 
minutes with 0*3 na of 2^ ^ acid denatured Hb at pH 2 dissolved 
in the aame buffer. This was then reincubated a t ^^C with 
*1 p ?A 
ei ther 0,2 ml oX suitably diluted native pepsin or the saiae 
asjount oi insoluble p ^ s i n in 0»tK KCl-HCl tafXer pH 2, in 
a centrifuge tube, for 15 iEinut©s. the reaction «aa stopped 
oy the addition o£ 0,5 ffil @X 20?6 (w/v) tr ichloroacetic acid 
am the undigested JHb was r©iaovea by c@ntrii'ugation at 300U 
rpm iTor 10 minutes. In the case of pepsin boun«i to cotton 
cloth, 2,5 ffil of 0.ir. Ka«HCl huTfer, pH 2, and 5 ffa o£ acid 
denatured 2^ Hb, pH 2, was add^ to ona square of enzyma-oound-
cloth aM incubation was done for 15 ©inutes at 37®C, Ihe 
reaction in th i s case was stoppesi by the addition of 2,5 asl of 
2Dr4 XCA, Control tubes were also run, in whi<* TCA was added 
to the assay laixtur© before the addition of hen^globin. 
The axtent of hydrolysis was det^mined in a suitably 
diluted aliquot by the procadur© of Lowry e^ ^ , (1951), using 
tyrosine as standard. Absorption of tyrosine of the TQk 
soluble o l igop^t ides was also measured direct ly a t 2B0 im in 
a Bauach and Loaib %>QCtronic 21 I'lOdol UV-B spectropho^i&eter. 
One Qnzfme unit i s d e f i n e as that aiiiount of QnzymQ 
which raleases 1 yuiaole &£ tyrosine per 15 minutes at 37**C, fha 
specific act ivi ty i s defined as enzyme units per milligram of 
protein. 
^^•^diiqdo L->iyrosine (APPt) as Substrate 
For the assay of pepsin using APDT as the substrata, 
the ©ethod of fang (1970) was oiodified, A 0,002^4 substrate 
u 
s i t e s , nacely* intraperitoneal, intraiwiscular ai3*i subcuta-
neous* j^our injections were given at each dite« After a 
r e s t period of 10 days, a sjcond injeotion containing 9 mg 
protein in 1*8 s i emulsion was given, Tliia time three injec-
t ions were given at eac* s i t e . After the fourth week, a 
third booster injection was given intravenously into the ear 
vien, containing 3 Qg protein in 1*0 oA suspensions* 3!hu6 a 
to t a l of 20 mg protein was given to the rabbit* Blood waa 
taken out in the f i f th week by cardiac puncture* The t i t e r 
value of the antisera was deteri&ined as desc r ibe in Section 
^ * <^«!!^*<t>* 
2,2.5.2 auantitative Precipit in Titration 
Hie antigen-antibody reactions involviJig F(ab»)« 
fragments and antisera raised against these fraj^ents were 
studied using quantitative precipi t in t i t r a t i on following a 
published procedure (Heidelberger and Kendall, 1935). 
To one ml of antiserum was added increasing concen-
t r a t ions of if(ab* )2 protein arKi the mixture was incubated for 
two hoiirs at 37*^ 0 and then for two ds^s at 4**C* The prec ip i -
t a t e was collected by centrifugation and washed twice with 
0*15 M cold salino and aissolved in 0.05M KCl-HCl buffer, pH 2* 
The to ta l protein was determined as described in Section 
2*2,4*2* The t i t e r value (antibody concentration) was obtained 
by £Rib3tracting the Lowry positive value of the add€Ki antigen 
fro® the to ta l protein of antigen-antibody coi^lex* 
c l Ay 
2.2.5.3 IffiBiunodiffuslon 
Sscperiments on double imniuno diffusion were 
performed^Ouchterlony's method (19^9)« A 1.5% agar solution 
in saline containing 0.02^ sodium azide was poured on a 
pe t r id i sh . The central and peripheral wells were then made* 
The antiserum obtained from the rabbit as described in 
Section 2.2.5.1 was placed in the central well. The commer-
cial ?(ab»)2 against which the antiserum was raised, was 
placed in tv/o of the peripheral wells, while in the other two 
peripheral wells was placed the FCabOg obtained by cleavage 
of human IgG by the immobilized p ^ s i n . The commercial 
f'CabOp (antigen) taken corresponded to i t s concentration at 
the equivalence zone. The petridish was kept at 37**C for two 
hours and then for three days at 4°C in a humid atmosfphere. 
3 . RESULTS 
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Isunobllization of pqpsin by chemical ag^egation 
using glutaraldehyde, by covalent attachment to CNBr-
activated Sephadex G*200 and by adsorption followed by 
cross-linking to poly ethyl enei&iine coated cotton cloth 
resulted in the formation of highly stable enzyme conju-
gates with considerable enzymic act ivi ty . The balance 
sheet of the three procedures of immobilization used for 
p ^ s i n i s given in Table IX. 
5,1 Pepsin Crosslinked with cautaraldehvde 
As described in Section 2.2«1.% the treatment of 
the 30% (w/v) ams^ Dnium sulfate precipitated enzyme with 
glutaraldehyde resulted in the foriwation of a brownish 
yellow crosslinked insolubilized product with significant 
proteolyt ic act iv i ty . The activi ty shown by the insolubi-
l ized pepsin using acid-denatured hemoglobin as the subs-
t r a t e was 67% of the activi ty shown by the soluble pepsin. 
When a synthetic substrate, K-acetyl phenylalanyl-3t5-' 
diiodo L*tyrosine (APDT) was used, the act ivi ty displayed 
by the insolubilized pepsin p r^a ra t ion was 79% that of 
the soluble native ens^ yme. The yield of the crosslinked 
pepsin was 86% and the percent iMsobilization amounted to 
96% (Table I I ) . When the act ivi ty of the'enzyme was measured 
as a function of substrate (acid denatured hemoglobin) con-
centration and of inhibitor (pepstatin) concentration, i t 
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was seen that the K^ .^  and K^  values of the Insolubillzed 
pepsin were enhanced in oooparison to those of free pepsin 
(Table I I I ) , The insolubilized pepsin had good storage 
s tab i l i ty too. I t was found to possess 33?^  of the original 
proteolytic act ivi ty after 160 days of storage at 4®C 
(Table VI), 
3,2 Pepsin Linked Covalently to CNBr-activated Seohadex 
G*2QQ 
P ^ s i n was coupled covalently to the activated 
Sephadex through i t s N-terminal amino gro^^ and the <&* amino 
group of i t s single lysine residue (Figure 2) as described 
in Section 2,2,1,2, This resulted in a white gelatinous mass 
with considerable peptic act ivi ty , D}S|}ared to the native 
pepsin, the activity of the immobilized enzyme was 52%, 
The yield of the immobilized enzyme was 3^% and the percent 
immobilization amounted to 33% (Table I I ) , In th i s case also* 
the K^ and K^  values were found to be enhanced as co&$>ared 
to the native pepsin (Table I I I ) , A sl ight enhancement was 
also seen in the value of energy of activation, as ^i!$>ared 
to that of native pepsin (Table I I I ) , The reusabil i ty and 
storage s tab i l i ty of t h i s immobilized preparation were ex-* 
cel lent . I t los t almost none of i t s act ivi ty when stored 
a t 4^ C for c»>re than five months (Table VI), 
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TABLE - I I I 
Kine t ic Parameters o£ Immobilized Pepain Preparat ions. 
Preparat ion 
K V 
m max 
(xlO'^M) 
^ i ^aet 
(x10'''^M) (cal per ) 
mole 
Crosslinked pepsin 5.3 
CNBr-S^hadex bound 4.28 
pepsin 
Cloth boimd pepsin 3.0 
Native p ^ s i n 3.07 
.2187 
.4516 
• 6666 
.2828 
7.29 
5.50 
4.95 
4.45 
80198 
66785 
53730 
61358 
TABLE - IV 
Reusability of Immobilized Pepsin. 
Appropriate amounts of immobilized enzyme were used for 
t h i s study. At the end of each assay, the enzyme pre -
parations were thorou^ly washed with buffer. Fresh 
assay mixture was then added and peptic assay was per-
formed as described in Section 2,2,2, 
Assay Number 
1 
2 
3 
4 
5 
6 
7 
Crosslinked 
pepsin 
100 
100 
100 
100 
100 
98 
98 
CNBr-Sephadex 
bound pepsin 
100 
100 
100 
98 
97 
95 
92 
Cloth 
bound 
pepsin 
100 
99 
97 
97 
97 
96 
95 
9 
5.3 Pepsin Immobilized on Cotton caoth 
Pepsin immobilized on polyethyleneimine coated 
cotton cloth was very cx^nvenient to handle and also very 
easy to s t o r e . The enzyme bound cloth showed &%% a c t i v i t y 
i n coiDparison to nat ive pepsin, when casein was used as 
t h e substrate* A lowering of K^^ and energy of ac t iva t ion was 
seen, while the K^ o£ the preparat ion was increased (Table-
I l l ) , The iffiisobilized p ^ s i n was used effect ively in a 
coluom fo r t h e hydrolysis of casein* I t could a lso be r e -
used r ^ e a t e d l y for a number of a s s ^ s (Table IV), The 
prepara t ion was h i ^ y s t ab le because when stored for 160 
days a t 4®C, i t re ta ined a l l of i t s a c t i v i t y (Table VI), 
3 ' ^ PROPERTIES OF THE BSM0BILI2ED PREg^ ARATIONS OF PEPSIN 
To evaluate the effectiveness of pep3:Ln ijusobilized 
by intermolecular crossl inking, on CNBr-activated S^hadex 
C-200 and on polyethyleneimine coated cotton c lo th , several 
p r o p e r t i e s of the enzyme were invest igated and eon^ared with 
those of the nat ive pepsin, 
3 .^ .1 Effect of DH 
The pH-act ivi ty p r o f i l e s of the nat ive and various 
immobilized preparat ions of pepsin are shown in Figure 6, 
When a c t i v i t y was meastu-ed as a function of pH, the re was no 
Figure 6« Effect of pH on the proteolytic act ivi ty 
of pepsin^ 
HeisoglobiJi solutions were pr<^ared in 
buffers of the indicated pH« The ac t iv i -
t i e s of native and immobilized pepsin 
were determined usionig these iHAff er solu-
t ions . The buffers used for the various 
pH ranges were: Kd-Hd (pH 1,2), sodium 
c i t r a te (pH 3) , sodium acetate (pK 4,5) , 
sodium phosphate (pH 6)* The strength of 
a l l the buffer solutions was 0.1M. 
( cy<^) Native p ^ s i n 
( ©-# ) Crosslinked pepsin 
(Ar~^ ) Covalently linked p ^ s i i 
( A->^  ) Adsorbed pepsin 
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Change in the optimal pH in the ease o£ crosslinked pepsin 
and p ^ s i n immobilized on cotton cloth fzH^m that of the 
native pepsin* However, the optimum pH of the covalently 
linked pepsin to S^hadex shifted by 0.5 unit towards the 
acidic side. 
There was also no significant broadening of the 
pH act ivi ty curve except in the case of pepsin bound to 
Sephadex G-200. The pH d^endence of the act ivi ty of pepsin 
with hemoglobin as substrate i s comparable with ear l ie r 
reported values (Tomono jgt al# 1981j Northrop, 1922). All 
the three imiaobilized pepsin preparatiomshowed more a c t i -
vity than the native pepsin at higher pH values* 
3,4,2 PH Stabil i ty 
Pepsin becomes repldly and osn^letely inactivated in 
the pH region above 6,0 (Bovey and Yanari, I960), I t was 
therefore consider^i of interest to investigate whether the 
insoluble preparations of the enzyme exhibited h i ^ e r r e -
sistance to pH denaturation. Figure 7 shows the effect of 
incubation at pH 4 of native and immobilized pepsin p r ^ a r a -
t ions . The imjiM^bilized pepsin was h i ^ y res is tant to th i s 
pH value and while the crossliaked p ^ s i n los t k% of i t s 
ac t iv i ty after 120 minutes incubation, the other two p r ^ a r a -
t ions retained a l l their ac t iv i ty . The native pepsin, how-
Figure 7« pH»3tability of the ImiBQbllized enzyme* 
Native and isunobilized preparations o£ 
p ^ s i n were incubated in 0.1M sodiusi-acetate 
biiff er at pH 4, Aliquots were removed at 
indicated intervals and ad;}u3ted to the 
optimum pH before activity of the enzymes 
was determined* 
( O-G ) Native p ^ s i n 
( »-« ) Crosslinked pepsin 
(4K-A ) Covalently-linked pepsin 
(^ SrA ) Adsorbed p ^ s i n 
30 60 90 120 
Preincubation Time (min) 
42 
ever, los t i t s activity rapidly in the f i r s t 90 minutes 
incubation and had only 30% of i t s activity le f t after 
120 minutes* This indicated that the immobilized pepsin 
preparations had become hi#ily resisteuat to pH (Ganges, 
3.4,3 Effect of Temperature on the Reaction Rate 
The effect of teaperature on the reaction ra te i s 
shown in Figure 8« As evident from the figure, immobiliza-
t ion of pepsin did not result in any shift of the optJUmim 
tei^erature at 60^C. !nie Q^Q values for soluble and a l l 
immobilized pepsin preparations are shown in Table V« The 
insolubil iz^i enzyme retained more activity as compared to 
the native pepsin with increase in tenperature. The 
Arrhenius p lots of the same data (with the exclusion of the 
ones obtained at h i ^ ^ tei^earatures where the act ivi ty 
declined) yielded straight l ines (Figure 9) , 
The activation energies calculated from the data 
plot ted in Figure 8 are 80198, 66785, 53730 and 61358 
calories per mole for orosslinked pepsin, CIlBr-Sephadex 
G-200 bound pepsin, cloth bound pepsin and native p ^ s i n , 
respectively (Table 1X1)* The equation 
-2— « 0.219 E 
was used to calculate these values, where E is the energy 
^1 ^1^^2 
Figure 8, Effect ot teanoerature on the reaction 
r a t e 
Native and imaiobilized pipsin solutions 
were prcgpared in 0» tH KQ-HC3. buffer, and 
the i r ac t iv i t i es were determined after 
assayed at the indicated teoiperatures, 
{ &-0 ) Native pepsin 
( • - • ) Crosslinked pepsin 
( ^ir-^) Covalently-1 inked p ^ s i a 
(a-nA ) Adsorbed pe^ain 
Temperature ( C) 
14 
TABLE - V 
Q^ Q Values of Native and Immobilized Preparations pf Pepsin, 
I 111 i i i f i i i I I nil I I r i l l . 
Native and immobilized preparations of pepsin were assayed 
at the indicated tenperatures under standard assay condi-
t ions described in Section 2,2,2. Each value represents 
the average of at least two ind^endent esqperiments. 
TeHperature (°c) 
20 - 30 
30 - 40 
40 - 50 
50 - 60 
60 - 70 
Native 
p ^ s i n 
1.69 
1,61 
1.13 
1.12 
0.21 
So 
Crosslinked 
pepsin 
3.23 
1,64 
1.34 
1.16 
0,35 
Gtovalently 
l inked 
pepsin 
1.67 
1,86 
1,29 
1.19 
0.17 
Adsorbed 
pepsin 
1.32 
1.29 
1.11 
1.11 
0,78 
The GLQ values represent the rat io of the velocity at tenpera-
t u r e ( T + 10)°C to that at T ° C , 
Figure 9. Arrhenlus Plot 
The data from Figure 8 was used* 
( o-o ) Native p^sin 
( «^-® ) Crosalinkecl pepsin 
( ^r-A ) Covalently-llnked pepsin 
(^ 2t-A ) Adsorbed p ^ s l n 
o 
2.9 3.0 3-1 3-2 3.3 3.A 
n/T3Kx 10"^ 
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of activation, T^  and Tp are the absolute tes^eratures and 
K^  and Kp are the ac t iv i t ies o£ the enzyme at these ten^e* 
ratures* I t was seen that although the activation energy 
of crosslinked pqpsin and CNBr-treated Sephadex hound pepsin 
i s greater than that oi native pqpsin, iminobilization o£ 
p ^ s i n on poly ethyl eneimine coated cotton cloth resulted in 
a decrease in the energy of activation* 
3.4*4 Heat Stabili ty 
In order to investigate the stabil izat ion conferred 
by inmobilization, the thermal inaotivation of native and 
the insoluble p r^ara t ions of p ^ s i n was deteriainsd a t 65 C 
(Figure 10)^ The native pepsin los t i t s act ivi ty r ^ i d l y 
and ojntinuously, t i l l at the end of two hours incubation at 
65**C» i t had only 13?5 of i t s act ivi ty l e f t . On the other 
hand, und^r similar e3q}eriaental conditions, the three immo-
bil ized preparations of p ^ s i n retained s i ^ i f i c a n t amounts 
of activity* This showed that pepsin after immobilization 
had become more stable at higher ten^eratures than the 
native one* 
As shown in figure 11, the insolufailization greatly 
enhanced the s tab i l i ty of the enzyme at elevated teiqperatures* 
On preincubation at 70®C for 15 minutes, before the assay 
a t 37°C, the native pepsin had only 21% of i t s original a c t i -
Figure 10. fhermal s tab i l i ty of the Imniobillzed 
pepsin, 
Nativ^e and inunobilized pqpsin in 0«1H 
KQ-HCl buffer pH 2,0 were incubated 
a t 63 €• Aliquots were removed at va r i -
ous intervals of timet b i l l e d ii!tmediately» 
and activity was determined at 37^ C» 
( 0-0 ) Native p ^ a i n 
( « ^ ) Crosslinked p ^ s i n 
(iAr-A ) Covalently-1 inked p ^ s i n 
( A-A ) Adsorbed peg?sin 
30 60 90 120 
Preincubation Time (min) 
Figure 11, Effect of temperature on the s t ab i l i ty 
of the enzyme* 
Native and iiiuiK>bilized pepsin solutions 
were pr^ared in O.IM KCl-HCl buffer, 
pH 2. These were incubated at the indi-
cated tes^eratures for 13 minutes| a c t i -
v i ty was then determined 
cribed in Section 2«2«2« 
at 37°C as des 
( 0-0 ) Native pepsin 
( »-• ) CrosslinKed p ^ s i n 
( ^^ ) Covalently-linked pepsin 
( 6^ A ) Adsorbed p ^ s i n 
40 50 60 70 
Preincubation Temperature 
9 
vl ty l e f t . The croaslinked pepsin, the covalently bound 
enzyme and p ^ s i n bound to cloth retainJid 50%, 84% and 90?S 
o£ their r e ^ active ac t iv i t i es under 5i|inilar e^ q^ cs^ imentaX 
conditions. 
3,4.5 Effect of Urea 
The effect of urea concentrations on the act ivi ty of 
immobilized and native pepsin towards/ acid'-denatured hemo-> 
globin and APCf are shown in Figure^ 12 and 13 respectively. 
Using hemoglobin as the substrate, the native enzyme showed 
a s l i ^ t increase in act ivi ty as tt/ie concentration of the 
denaturant was elevated. However,/ the crosslinked pepsin 
and the cloth bound pepsin were c<bnsiderably activated under 
similar conditions, having 181% ^J^(i 1405»6 act ivi ty in 10M urea. 
The covalently immobilized p^s i f i on Sephadex G*200 showed 
no change in i t s ac t iv i ty . 
When APDT was used as the substrate for enzyme 
assay (Figure 13), the native p ^ s i n as well as a l l the inimo-
bi l ized p r^a ra t ions of the enzyme showed no variation in 
the i r ac t iv i t i e s . Even on incubation with 8M urea for 20 
minutes, the enzyme pr^a ra t ions retained 100?fi act ivi ty , 
3.4.6 Stability Against Urea 
The effectc£ incubation of native and the Immobilized 
p r^a r a t i ons of pqpsin with ^ i urea for varying intervals 
Figure 12. Effect of urea on the proteolytic act ivi ty . 
Different solutions of native and iBUDobi« 
lized pepsin were p r^ared in 0.1M Kd-HCl 
buffer (pH 2) and urea was added to make 
the i r concentration as indicated in the 
f igiu:<et These solutions were incubated at 
37**C for 20 minutes and then the i r a c t i -
v i t i e s were determined using aeid-Kienatured 
hemoglobin as substrate. 
( CK? ) Native pepsin 
( ft-« ) Crosslinked pepsin 
( A~A ) Covalently*!inked pepsin 
( A-A ) Adsorbed pqpsin. 
Urea Concn (M) 
Figure 13. Effect of urea on the act ivi ty of native 
and iiMBobi^ized enzyme. 
Different solutions of native and immobi-
l ized p ^ s i n were prq)ared in 0*1M KCl-HCl 
buffer, pH 2» and iirea.was added to make 
the i r concentration as indicated in the 
figure. These solutions were inoibated 
a t 37*^ 0 for 20 minutes and the i r a c t i v i -
t i e s were determined using APDT as subs-
t r a t e . 
( G~o ) Native pepsin 
( " ^ ) Crosslinked p ^ s i n 
( ^-A ) Covalently-1 inked p ^ s i n 
( £^<-A ) Adsorbed pepsin 
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of time was deteriained. As i s evident from Figure 14, 
the native p ^ s i n and the pepsin itnoiobilized on SephadeK 
showed no effect on the activi ty dn 4H urea iJ^on incubation 
for two hours. The cloth bound pepsin showed a 10% increase 
in ac t iv i ty . In the case of crosslinked pepsin, the a c t i -
vi ty increased to 142% in the f i r s t 60 minutes incubation 
and remained constant thereafter. From these data, i t i s 
clear that immobilization has conferred substantial s tab i -
l i t y i^on p^s in» 
3,4.7 Sffect of Guanidine-Hydrochloride on £^zyme Activity 
The effect of Gdn-^O. concentration on the act ivi ty 
of imn^bilized and native pq}sin towards acid-denatured 
hemoglobin i s showed in Figure 1^. At low Gdn-HG. concen-
t ra t ion , the native pq)8in los t a l i t t l e ac t iv i ty . However, 
when the Gdn-HCH concentration was increased to 3M, the 
act iv i ty of native p ^ s i n sharply declined and further 
increase in the o^ncentration of Gdn-HQ resulted in con^lete 
inactlvation of the enzyme, IHiese resul ts are coo^arable 
with ear l ier reports of Blumenfeld j t a^. (1970), Low 
Gdn-HCl concentration had an activating effect on the cross-
linked and cloth bound pepsin. The activi ty decreased with 
increasing concentration of the denaturant, but none of the 
immobilized preparations was coBpletely inactivated even by 
Figure 14, sCfect of preincubation time on the 
s t ab i l i ty of iinB«>bi^ i2eA and native 
pepsin in 4Murea> 
Native and iminobilized pepsin in 0«1H 
KQ-HQ buffer pH 2, were made 4K with 
respect to urea concentration* Aliquots 
were withdrawn at indicated intervals and 
act ivi ty was determined using acid* 
denatured hemogHobin as substrate, 
( '^ >-^  ) Native pq?sin 
( •-• ) Crosslinked pepsin 
( A-A ) Covalently-linked pe^psin 
( A-^ ) Adsorbed pqpsin 
Preincubation Tinne (min) 
Figure 15« Effect of guanldine-hydrochloride on the 
act ivi ty of peDSln> 
Native and icamobilized prq)aratlons of 
p ^ s i n in 0»1M KCl-HCl buffer (pH 2) were 
taken tmd increasing amounts of Odn*HCl 
was added to theei* These solutions were 
incubated at 37^C for 20 minutes aiul then 
the i r ac t iv i t i e s were determined^ 
( o-o ) Native pepsin 
( •-• ) Crosslinked p ^ s i n 
{A-^) Covalently-linked p ^ s i n 
( <VA ) Adsorbed pepsin 
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10M Qdn^ l^Cl. In 10M Gdn<4!Cl, the S€|}ha<lex~1:>ouiid pepsin, 
the crosslinked pq}8in ajud the cloth«bound p ^ s i n retained 
10?6, 20% and 26^ activity^respectively. 
3.4.8 Stabi l i ty Against Guanidine Hydrochloride 
To t e s t the s tab i l i ty of the imciobilized pepsin 
preparation against i^anidine hydrochloride, the native and 
imfflobilized p ^ s i n was incubated with 3M Gdn-HCl for various 
tiiae intervals , before the assay at 37**C« The resu l t s are 
shown in Figure 16, The native pepsin rapidly los t 96% 
act iv i ty after the f i r s t th i r ty minutes incubation, and 
further prolongation of the incubation time with the de-
naturant resulted in i t s coii5)lete inactivation. Under simi-
l a r experimental conditions, the cross-linked and covalently 
boui»i p ^ s i n retained 3(^ and 1036 of the i r respective a c t i -
v i t i e s after two hours of incubation. The cloth-bound 
pepsin, on the other hand, showed a 12% enhancement in i t s 
ac t iv i ty ^pon incubation with 3M GkJn-HCl. 
3.4.9 Effect of Substrate Concentration 
There was a continuous r i se in enzyme act ivi ty with 
increasing substrate (acid-denatured hemoglobin) concentra-
t ion for both native and the immobilized pepsin preparations 
(Figure 17). A lowering of ^^^Q^ was observed i^on cross-
Figure 16, jEftect of preJncubatien time on the 
g tab i l i ty of native and Iminobllized 
enzyme in 3M guanidine«»hy(liNa chloride* 
Native and iinmobilized p ^ s i n solutions 
were incubated in 0*1M KC1*HC1 buf£er» 
pH 2, and made 3M with respect to Gdn-
HCl concentration* At the indicated 
intervals , 0*2 nCL suspensions were taken 
out and activi ty was assayed, 
{ o-o ) Native pepsin 
( •-» ) Cz^sslinked pepsin 
( M~jk) Covalently-linked pqjsin 
( A-A ) Adsorbed pepsin 
> 
• S B 
< 
> 
0; 
30 60 90 120 
Preincubation Time (min) 
Figure 17» Ef^ Cect of substrate concentration on the 
act ivi ty of native and JBaaobilized enaymea* 
Increasing hemoglobin concentrations from 
3x10*^M to 30x10*^M.were taken. Enzyme 
act iv i ty was determined at pH 2 with the 
substrate concentrations shown in the 
f iguret fhe assay was done at 37**C* 
( o ^ ) Native pepsin 
( tt-f ) Crosslinked pepsin 
( A-A) Covalently-1 inked p ^ s i n 
( A^ ) Adsorbed pqpsin 
-30 -20 -10 10 20 30 
[1/Sl X 10"" M 
ij8 
l i nk ing o£ pepsin, while in the case of cloth bound pq)Sin 
and pepsin bound to Sephadex i t was increased (Table I I I ) . 
The Kjjj values as determined from the double rec iprocal p l o t 
are also given in Table I I I , 
3.4.10 Effect of Pep s t a t i n 
Pepsin, nat ive and immobilized, was subjected to 
increas ing concentrations of i t s inh ib i to r , p ^ s t a t i n , 
before assaying for enzymic a c t i v i t y . All the th ree immobi-
l i zed preparat ions were considerably more s tab le as con5)ared 
t o the nat ive pepsin (Figure 18). The K. values of the 
na t i ve and immobilized pepsin preparat ions are given in 
Table I I I , The enhancement of K^  upon immobilization i n d i -
cated s t a b i l i z a t i o n of the enzyme. 
3 .4 .11 Reusabil i ty 
The r eusab i l i ty of the immobilized prepara t ions of 
pepsin was invest igated for f inding out i t s po t en t i a l in 
prepara t ive purposes. At the end of each assay, the enzyme 
was removed from the assay mixtures by centr i fugat ion and 
washed with buffer before being mixed with the new assay 
seven times 
mixture. This procedure was r^ea ted /wi thou t any spprecia-
b l e loss of ac t i v i t y (Figure 19). 
Figure 18, Effect of Peostatin 
Increasing concentrations of pepstatJoi 
( p ^ s i n inhibitor) were used for the 
esqperiment, as shown in the figure* The 
native and imoiobiXized pi^sin prqsaratJ^ns 
were incubated with the shown concentra* 
tions of p ^ s t a t i n for 10 minutes* Acid 
denatured hemoglobin was added to s t a r t 
the reaction at 37 C* 
(':>-^) Native pepsin 
( *-• } Orosslinked pepsin 
(4-A) Covalently-linked p ^ s i n 
(^^'-^) Adsorbed pepsin 
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Figure 19. Reusability of jMrnbilized pepaJiii. 
After each assay* the immhXllz&i p€pain 
was washed and activity was measured using 
fresh assay mixture^ with heiooglohin as 
substrate* 
( #"•) Crosslinked pgjsin 
( A-A) CtovaXently-linked pepsin 
( A-A ) Adsorbed p^s ln 
•2 60-
< 
Assay Number 
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3.4,12 Storage Stabili ty 
Native and Imniobillzed peps3npreparations were 
stored at 4°C and their act ivi ty determined at various tiase 
intervals . I t was observed that after 160 days storage, 
the native pepsin had only 2196 o£ i t s act ivi ty l e f t . The 
crosslihked pepsin retained 58^ activity diaring the same 
time period, while p ^ s i n lEwnobilized on CNBr- activated 
Sephadex and cotton cloth lost no activi ty (Table VI), 
3.5 LABORATORY SCALE COLUMNS 
In order to study the efficiency of the immobilized 
pepsin preparations in transforming their substrates into 
products during continuous operations, laboratory scale 
columns of covalently linked p ^ s i n and cloth l^und pepsin 
were prepared and were used for continuous hydrolysis of 
casein and limited cleavage of hxman immunoglobulin G, 
3.5.1 Hydrolysis of Casein 
A coliu&n containing 22.4 mg hound p ^ s i n to 
Sephadex 0-200 was used, A 0.5^ casein solution p r^a red 
in 0,1K acetate buffer, pH 4, was continuously passed througb 
the column at a flow rate of 10 ml per hour. At 37°C, 50?^  
hydr<|ysis of casein was observed (Figure 20), The column 
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TABLE - VI 
Effect of Storage at 4 C on the Activity of Native and 
Immobilized pepsin. 
Native and immobilized pepsin prqjarations were stored 
a t 4°C for the indicated periods before the i r act ivi ty 
was determined as described in Section 2.2.2. 
Storage time 
(days) 
0 
1 
5 
10 
20 
30 
60 
120 
160 
Native 
pepsin 
( % R 
100 
100 
97 
94 
85 
78 
68 
46 
21 
CNBr-Sq)hadex 
boimd pepsin 
e m a i n i 
100 
100 
100 
104 
98 
100 
100 
99 
98 
Cross-
l inked 
pepsin 
n g A 
100 
100 
99 
99 
100 
101 
98 
86 
58 
Enzyme 
cloth 
con^lex 
c t i V i t y) 
100 
100 
100 
100 
100 
102 
99 
100 
100 
Figure 20. HyArolysia of Casein 
A column was packed with pepsin bound on 
cloth, containing 20 mg of the emyme^ 
Another one was packed with 22,4 mg of 
pepsin bouM to Sephad^« They were 
equilibrated with 0»1M acetate buffer 
pH 4, Hydrolysis of casein was carried 
out for 21 days at 37**C. 
(A-A ) Covalently-1 inked p ^ s i n 
( A-&.) Adsorbed p^s in 
100 
3 0 = : ^ A A a fl A-A-A-A . . ^ ^ A-^Hft-^-^ 
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was operated for 21 days without any loss in enzyme 
act iv i ty . 
Another column, packed with cloth-bound pepsin 
containing 20 mg of the enzyme^ was also used for conti-
nuous hydrolysis of casein. The casein solution (0,5%) 
in 0.1M acetate buffer pH 4, that was passed through the 
column at a ra te of 7 ol per hour at 57°C was 81% hydro-
lysed (l^'igure 20), Hydrolysis of casein through th i s column 
was also carried out for 21 days without any change in the 
ac t iv i ty of the enzyme in the column. 
3»5»2 Limited Cleavage of Human IgG by Pepsin Immobilized 
on Sephadex 
A column packed with pepsin immobilized on S^hadex 
G-200, containing 22,4 mg of the enzyme was used at 37^C. 
A 20 mg/ml solution of IgG in 0,1M acetate buffer/0,15N NaCa, 
pH 4, was passed t h rou^ i t at the ra te of 7 ml per hour. 
The p ^ t i c digest, on analysis showed a very small i n i t i a l 
r i s e in optical density, a ma^or peak containing of F(ab')2 
fragments and another small peak consisting of pFc fragments. 
The elution profi le of digest of IgG, cleaved by pepBin, i s 
shown in Figure 21, 
3.6 IMMUNOLOGICAL aTUDISS 
Results of the quantitative precipitat ion t i t r a t i o n 
of rabbit ant i F(ab»)y antisera with the commercial F(ab»)2 
Figure 21 ^  Cleavage oi' ImnmnoKlQbulin G. 
Digestion of XgG h^ p^ s in immobilized 
on S^hadex 0-200 was done as desas*ibed 
in Section 2«2,3«2, The optical density 
of the digest fragments was measured 
directly at 230 nrn* 
O 
10 20 30 AO 
Fraction Number 
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are graphically shown in Figure 22, The t i t e r value of 
the antiseruna as determined by the quantitative precipi t in 
t i t r a t i o n came out to be 40 ug per ml antiserum. 
The iJiuiiunodiffusion patterns &£ the commercial 
?(ab»)2 stnd the F(ab» )2 obtained by p ^ t i c cleavage are 
shown in F i ^ r e 23. The rabbit antiserum raised against 
the commercial F(ab')2 solution was used in these experi-
ments* As can be seen from the figure, the precipi t in 
arcs obtained with commercial F(ab»)2 ^^ ® similar to those 
obtained with the F(ab*)2 ©ot from cleavage of IgG. !nie 
rasul t confirmed that the F(ab*)2 fra©Eents obtained from 
limited cleavage of IgG by the immobilized p ^ s i n were pure. 
Figure 22, Quantitative Precipitation Titratjjon 
of rabbit antiserum raised against 
commercial g(ab*)^> 
Details are described in Section 2,2«5«2« 
fhe antigen-antibody ooaplex precipi ta te 
was dissolved in 0.1M KQ-HQ buffer, 
pH 2 | and the protein estimated by Lowry» s 
method as descril^ed in Section 2«2*4»2« 
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Bazymes are known to have short half lives* There-
fore, if an enzyme has to be effectively used outside the 
physiological environment for industrial and other purposes, 
i t should be made su f f i c i ^ t l y stable to re ta in i t s act i* 
v i ty to be recycled. The s tab i l i ty can be conferred tj^ pon 
enzymes by the process of immobilization, which can be 
achieved either by chemical methods that are d^endent on 
covalent bond formation or physical methods which d^end 
upon non-covalent boiKi formation* I t has been observe 
tha t a par t icular ijmnobilization technique can io^art diffe-
rent changes in properties to different eazymes and the be-
haviour of the seme enzyme can change with the immobilization 
method en^loyed. 
The work present in the dissertation describes the 
preparation and properties of p ^ s i n imiii^bilized by erosB" 
l inking with glutaraldehyde, by covalent attachment to cyano-
gen-bromide activated Sephadex G-200 and by adsorption to 
polyethyleneimine coated cotton cloth followed by crosslinking 
by glutaraldehyde. 
Habeeb (1967) had cross-linked trypsin with glutaral-
dehyde but no detailed work on th i s preparation was pursued, 
as the preparation obtained was gmBiy in nature and could not 
be pipetted out. The method was, therefore, modified for 
t rypsin (Bano jet a^. 1980) by introducing a homogenization 
step in between treatment with 23 i&M sodium borohydride 
and 0,1M sodium acetate buffert pH 4«0|^  washing. This 
modified method was used for crosslinking pepsin with 
glutaraldehyde. The reaction o£ ^utaraldehyde with pro-
te ins (Figure 3) can be considered a two step process^ 
the f i r s t stqp being the formation of soluble intermole-
cularly crosslinked ooaplexes followed by a second re^jid 
step leading to insolubilization (Richard and Knowles, 
1968), 
CEutaraldehyde gives the most satisfactory and repro-
ducible resul ts in immobilizing enzymes (Broun et a l . . 
197^)f I t i s known to react under mild conditions with the 
free amitu) groins of proteins (Figure 3)* Pi^sin contains 
only two free amino groins, namely the N-terminal amino 
gro^p and the <^  -amino gro^> of the single lysine residue 
(Table I ) | both of which are situated away from i t s active 
s i t e and are not essential for the ^zyme ac t iv i ty . The 
pr€paration of iMnobilized pepsin that was obtained did not 
have any increase in volume as no matrix was used as a 
si;^ pox*t for immobilizing the enzyme. 
The immobilization of p ^ s i n by covalent attachment 
to cyanogen bromide activated Sephadex G-200 restated in 
the fonnation of a gelatanous mass with considerable peptic 
activity* This method also uti l ized only the two free amino 
groii?)S of the p ^ s i n molecule (Figure 4) . The preparation 
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obtained had one advantage over the crosslijiked pepsin in 
that i t showed good XIow properties when used in a coluon 
for i t s continuous activity* 
The properties of pepsin linked to polyethyleneimine 
coated cotton cloth by adsorption followed by crosslinicing 
with glutaraldeiiyde showed not much deviation from the pro-
per t ies of the native enzyme^ This pointed to the fact 
that p€psin Q^lecule has not changed much as a r e s i s t of 
immobilization by adsozption« 
The effect of Immobilization on pepsin had been 
investigated mainly by <»>a^aring the act ivi ty of the bound 
enzyme with that of the native enzyme in free solution. 
Most investigations had been focused on the evaluation of 
the kinetic parameters, part icularly the IL^ values and the 
effect of imoDobilization on the pB activi ty prof i le and on 
the s tab i l i ty of the bound enzyme towards denaturing agents 
and elevated t^sperature, Some studies have addressed them* 
selves to dianges in the substrate ^ e c l f i c i t y , to the a c t i -
vation energy, and to the effect of inhibitor. During studies 
on immobilized enzymes, numerous investigators had observed 
that measured activi ty of the bound enzyme was lower than 
the bound act ivi ty (Manacke and Vogt, 1980b; Naoi j t ^ . , 
1978; T o r c h i l l i n ^ ^» 1977 )• This had also been observed 
in the immobilized preparations of pepsin used for the pre-
sent studies (Table II)* Several explanations had b®^ 
n 
offered to e^^lain th i s phenomenon including the hlocking 
of active s i t e (SiXman and Katchalski, 1966), a^dification 
of aide chain residues essential for the maintenance of 
native conformation, and destruction Q£ native confoi^ation, 
that i s , denatiiration whidi i s a ma^ jior conformational change 
that occurs when a protein transforms from the unique native 
s ta te to the denatured s t a t e , without any change in the 
covalent structure of the protein (Kanacke and Vogt, 1976), 
The pepsin molecule has only two s i t e s where i t 
reacts with the reagents with \i^ich imcK>bilization has been 
done for the present studies. These are the <<? •amino gro^) 
at the l^terminal and the € -aailno gro^p of the s i n ^ e lysine 
residue present. Both these £P^oi^ s are not essential for 
the catalyt ic act ivi ty of pepsin and th i s fact can explain 
the relat ively high activi ty of the immobilized preparations. 
The lowered act ivi ty of the preparations may also have been 
resulted from restr icted accessibil i ty of the active s i t e 
due to s te r lc hindrance. Recently, considerable evidence 
has been presented indicating the importance of diffuslvity 
of the sut»strate (1^11 er and zwing, 1982j Sngasser, 1978). 
The decrease in enzyme act ivi ty due to immobilization has 
been found to be greater with h i ^ - t han with low-molecular 
weight substrates (Silman ^ al.*, 1966? Olassmeyer and Ogle, 
1971; Kni^ t s and Light, 1974). Similar resul ts have been 
observed with pepsin using acid denatured hemoglobin and APDT 
n 
as substrates, in the present studies* The lowered act ivi ty 
exhibited by the imn^bilized pepsin* especially using a 
macromolecular substrate l ike acid«denatured hemoglobin^ 
may be due to the s te r ic hindrance in the approach of subs-
t r a t e to the active s i te (Lah j t a|.», 1980), However, in 
some cases of immobilization of enzymes, an inorease in a c t i -
vity has been reported (Weetal and Hersh, 1970j Sluyterman 
and De (^aaf, 1969)* Glucose oxidase, catalase and urease 
isimobilized on nylon showed an increase in act ivi ty by a 
factor of four ifhomson et al#t 1985)* frypsin immobilized 
on CKa*-activated crosslinked amylopectin was more active 
than soluble trypsin under non optical conditions (Serban 
and j^oiateanu, 1934), Chynwtrj^sin bound to Sephadex remained 
undbanged axKi exhibited the same catalytic properties as the 
tr^e enzyme (Poland and Scheraga, 1965; Axea ^ ^ « 1970), 
Pepsinogen boimd to S^harose also has a specific act ivi ty 
similar to that of the free enzyme (Shsfflisuzzaman and iiaaz*d0 
1984), 
The decrease in enzyme act ivi ty on immobilization i s 
often attributed to conformational changes in the enzyme 
structure or to s te r ic hindrances in the Immediate vicinity 
of the enzyme molecules. I t i s well established that the 
properties of the active and alio s te r ic s i t es of aai enzyme 
molecule depend s t ron^y on the three dimensional structure 
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o£ the protein moXeciile« Thus, when an enzyme is adsorbed 
or covalently bouad to a solid support the interaction with 
siq}port l ikely resul ts in a modification o£ the enzyme contor-
mation. Covalent bonds between the enzyme and the matrix 
can stretch the whole molectU.e and thus a l t e r the three-
dimensional structure at the active s i t e , Gabel and Hofsten 
(1971)1 Cho and Swaisgood (197^), and S^aisgood and Horton 
(1974) have suggested that such conformational al terat ions 
may account for the observed dianges in the enzyme act ivi ty 
^pon immobilization, 
Steric hindreoQces, on the other hand^ are caused by 
the shielding effect of the matrix, which renders certain 
par t s of the enzyme n^lecule less accessible to the substrate* 
Although i t i s often diff icul t to distinguish between the 
shielding of the active s i t e and the reduced diffusivity of 
the substrate in the porous medium which i s usually a gel, 
the shielding or s ter ic effects have been proposed to ex-
plain the decrease in act ivi ty of immobilized enzymes* For 
instance, trypsin and p ^ a i n have been found to be less 
active in the crosslinked dextran gel than in agarose* This 
effect has been attributed to the greater s t e r ic hindrances 
in the crosslinked dextran than may exist in the more open 
agarose matrix (Porath j t ^ t , 1967} Axen and E^nback, 1971 )• 
The value of K^  determined for immobilized enzymes 
depends, among other factors, on the enzyme content, diffusion 
constants for substrate and product, catalytic ra te constant 
ot the enzyme reaction, physical dimension oi the conjugate 
and s te r ic hindrance. I t i s also a function of the thick-
ness of the unstirred diffusion layer around the par t ic les 
with the iisQobilized ^izymes. 
The K and K^  values of p ^ s i n had increased upon iouno&i* 
l i za t ion (table III)« The cloth bound p ^ s i n had very similar 
values of K^^^ and Kj. to those of native pepsin. The K^j^  value 
i s less than that of free pepsin for the oloth ^uivi pqpsin. 
At the same time the energy of activation of the preparation 
dropped down in con^arison to that of the native enzyme. This 
suggested that the cloth boui^ pepsin had increased affinity 
for the substrate than the native pepsin. 
I t has been opined that conformational changes and 
matrix interactions can nidify not only the catalyt ic act ivi ty , 
but also the selectively and s tab i l i ty of the bound enzyme 
with respect to the enzyme in free solution. In many case the 
s tab i l i ty of the enzyme is increased by immobilization 
(Zaborsky, 1975; Vieth and Venkatasubramanian, 1974) because 
of the s tabi l izat ion of the protein structure, the prevention 
of autolysis or slsply because the immobilized ^izyme i s less 
accessible to denaturing agents and microbial attacks. How-
ever, in some cases there Is experimental evidence of decrease 
in s tab i l i ty (Suzuki jgb ^^ 1966} Goldman ^ ^ « 1968a)# In 
some cases, no changes in the s tabi l i ty of the enzyme have 
been observed ispon imiBobilization (Hicks and t^(iike» 1966)* 
Heat and extremes o£ pH a l te r the native conformation 
oX an enzyme. At extreme pH values, the enzyme molecules 
have appreciable positive or negative charges, whldi by intense 
e lect rosta t ic r ^ u l s i o n cause unfolding of proteins^ The 
effect of heat i s to unstabilize certain non-covalent forces 
l ike h^lrogen bonds and thereby denature the enzyme* iUoong 
protein denaturants, the most effective ones studied so far 
are guanidine hydrochloride and urea* 
The immobilized pepsin p r^ara t ions exhibited a high 
degree of resistance to denaturation by pH, heat, urea and 
guanidine hydrochlorode as coi2$)ared to the native enzyme* Due 
to the cat ionic properties of the glut araldehyde-tr eat ed-matrix, 
the immobilization with ^utaraldehyde frequently resulted in 
an acid shift of optimal pH, as in the case of glucoao^lase, 
trypsin and aldolase (FilJppusson and Hornby, 1970; Bano ^ ^ t * 
1980; Maraii et al«, 1973 )• The same was not t rue in the 
present immobilization of pepsin with glutaraldehyde (Figure 6) . 
This i s presumably due to the fact that the optimal pH of 
pepsin i s in a very acidic pH region, where the proton concen-
t ra t ion of water molecule i t se l f as a solvent i s so h i ^ that 
the protein oDncentration i s not remarkably influenced by the 
presence of glutaraldehyde (Tomorro jt j j , , , 1981)* 
7? 
The optimal pH of tlie pepsin immobilized to cotton 
cloth also remained unchanged, while that of pepsin eoi^led 
to Sephadex shifted h/ 0*5 unit towards the acidic side 
(Figure 6) , The unaltered pH activi ty prt>file sugsested 
lack of any ma^or alterati4>n in the micro environment of the 
immobilized pepsin preparations* Cellulase immobilized on 
CNBr-activated dextran also showed an unchanged pH*activity 
curve (Won^chalaung et ga.»» 1985)f The extreme s tabi l i ty 
of the iimnobilized preparations of the enzymei when e^qposed 
to pK 4 for long time periods (Figure 7) i s evident of the 
fact that immobilization had conferred conformational r i g i -
di ty to the enzyme molecules. 
The effect of teo5>erature on the act ivi ty of the 
insoluble pepsin (Figure 3) i s a reflection of two coB|}eting 
phenomena, that i s , an ina*ease in the number of effective 
collisions due to increasing temperature and loss of active 
molecules due to thermal denaturatix>n at elevated teniperatures. 
As e^^ected, we observed an i n i t i a l increase in act ivi ty 
which decreased after passing through a maximum* Although 
immobilization of p ^ s i n did not have any effect on the 
optimum teii|}erature of the enzyme, the immobilized prepara-
t ions did not lose much activi ty at higher tentperatures* 
This was also seen in the higher CLQ values for the immobi»» 
l ized enz^ Tne (Table V), 
iJsm-J0 
^j^^.r iKi ,C(v>tfS>^2^Jt?^ 
7; 
The immohXliz^ preparations of pepsin w^*e no 
exception to enzymes l ike celXuXase* epoxide hydrolase and 
trypsin (Wongjchalaung ^ ^ . , 1985j Ibrahim et ^ . ^ 1985; 
Bano et ^ . ^ 1980) that show increased thermal s t ab i l i ty 
upon immobilization (Fi^ireslO and 11)« The loss of con-
formational f lex ib i l i ty in the immobilized enz:^e may be 
the reason for i t s h i ^ e r s tab i l i ty iJi oomparisen to the 
native pepsin. Since the enzyme had become rigid i;Q}on immo-
bi l izat ion, i t could re s i s t heat denaturation to a certain 
extent* 
The effect produced by urea and ^anidine l^drochlo-
r ide vtgon the enzymic activi ty appeared to be similar in many 
respects to that of heating. The increase in enzyme act iv i ty 
by urea (Figure 12) was probably due to the unfolding of the 
imnK)bilized p ^ s i n preparations in a manner whi€^ made the 
active center of the enzyme more accessible to the substrate. 
I t could have been due to the unmasking of some buried active 
s i t e s . The immobilized pepsin preparations, however, did not 
show any change in act ivi ty when APDT was taken as substrate 
(Figure 13)« The increased act ivi ty of pepsin using hemo-
globin as substrate, in the presence of ^ urea (Figure 14) 
may have been due to the unfolding of the proteinic substrate 
by urea, thereby making i t more accessible to the enzyme 
(Siddiqui, 1980). Pepsin i s , therefore* similar to carboxy-
peptidase, trypsin and dtiymotrypsin (Halsey and Neurath, ^^33t 
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Korthrop et j ^ , , 19^) in that i t s action on proteins i s 
accelerated in urea solution* Trypsin bound to activated 
S^hadex also exhibits act ivi ty in 6M urea ((^bel ^ a l . 
1970). 
The increase in the enzyme act ivi ty of crosslinked 
and cloth bound pepsin on incubation with low concaitration 
of guanidine-hydrochloride (Figure 15) also could be due to 
the unmasking of some buried active sites* At higher /Ckin-
iiCl concentrations, these preparations and the Scphadex 
bound pepsin ^ s o los t some of thei r act ivi ty , but none of 
them were coi^letely i n a c t i v a t e as was the native ^izyme. 
The imoK^bilization procedures had, therefore, stabilized the 
enzyme to withstand denaturat:k)n by h i ^ concentration of 
guanidine hydrochloride* 
The incubation of the native p ^ s i n in 3M (Mn-Hd for 
t h i r ty ainutes (Figure 16) completely inactivated the enzjrme* 
On the other hand, under similar conditions and on longer 
incut^tion, the imiwjbilized preparations retained the i r ac-
t ivi ty* The cloth botmd pepsin even had an enhancement in 
i t s activity* I t was, therefore, concluded that low concen-
t ra t ions of urea and guanidine-hydrod^oride direct ly stimu« 
lated the proteolytic activity towards hemoglobin. This 
stimulation may be associated with slight conformational 
changes, notably in the asymmetrical microenvironment of 
aromatic amino acids and the polypeptide backbone (Bar*Eli 
and Katchalski, 1963)* 
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The h l ^ resistance o£ the inusobillzed pepsin 
preparations towards pepsin inhibitor, i«e* pepstatin 
(Figure 18 and Table I I I ) was indicative of the s tab i l i ty 
conferred vpon the enzyme l^ immobilization* 
Recovery of an enzyme from the assay mixture 
after i t has catalysed a part icular reaction i s icpossible 
as long as i t i s in i t s native form. Immobilization of 
pqisin by the different procedures made i t possible for the 
recovery of enzyme and i t s subsequent reuse. The immobili-
zed p r^a ra t ions of pepsin could be reused efficiently for 
a number of successive times without any significant change 
in act ivi ty (Table IV)• These pepsin p r^a ra t ions could 
also be stored at 4*^ 0 for long periods. As can be seen 
from Table VI, the crosslinked pepsin, the covalently linked 
pi^sin and the adsorbed p ^ s i n did not lose much act ivi ty 
upon storage xiptil more than five months, retaining 58%, 98% 
and 10(^ of the i r respective ac t iv i t i e s . Under similar 
storage conditions, the native pepsin retained only 21% 
activity* 
Stabi l i ty of the immobilized enzyme during 
continuous operation over long durations i s la^ortant for 
use in enzyme reactors (McGSiee et aj^*, 1982; Tsukamoto jgt al,* 
1982b{ Prenosil, 1971)* Laboratory scale columns of the 
immobilized pepsin were, therefore, prepared and hydrolysis 
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of casein was investigated. Preparation of F(ab«)2 frag-
ments was also done by limited cleavage of human iounano* 
globulin G* 
Xffiiitunoglobulins have been used considerably in 
medicine for prophylaxis of certain vira l diseases^ suc^ 
as poliomyelitis, measles, infectious h ^ a t i t i s and tetanus, 
and for the treatment of antibody deficiency syndromes to 
prevent recurrent bacterial Infections, There are several 
reasons for whidi the F(ab* )2 fragment of immuno^obiains 
i s preferred to the whole antibody molecule: (1) i t pre-
serves substantially the same antibody act ivi ty as the native 
Immunoglobulin but is free of coo^lement binding ceqpacity, 
(2) the antigenicity of immunoglobulins i s remarkably reduced 
because the constant fragment contains most of the antigenic 
determinants of the immunoglobulin to whi(^ the recipient 
may be sensitized, and (3) the absence of F^ fragrnent also 
reduces the amount of non-specific labelling. 
Immunodiffusion studies with the F(ab»)2 fragments 
obtained by cleavage of human IgG by the immobilized pepsin 
showed that these fragments were immunologically similar to 
the commercially available F(ab*)2 fragments (Figure 23)• 
Table VII summarizes the properties of immobilized 
p ^ s i n . I t also con^ares that properties of iosnobilized pepsin 
by other methods. I t i s therefore, concluded the pq;}sin 
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immobilized by covalent l i l t i n g to S^hadex 0*200 gives the 
best preparation* 
Pepsin has a number oi industrial and medical 
uses. I t prevents hazeformation in beer and wine (Hartmeier, 
1979) and contributes to gelling of milk protein (Camot 
and Corre, 1980). The ^-amino residues in a protein mole-
cules can be estimated after peptic digestion (hikuni-
Takagaki and Hotto, 1977). Pepsin i s also used for hydro-
lyzing cheese protein (Storozhuk et a l . . 1980) in persons 
with insufficiency of the enzyme. P r^a ra t ion of F(ab»)2 
fragments by limited cleavage of IgG (Olsovska &t aj,. 1982) 
and determination of subclasses of myeloma proteins M«IgG 
(Snigurowicz j t a^., 1979) are also assisted by p ^ s i n . 
The enzyme has also been used as a protective colloid in the 
manufacture of fuel cel ls (Hitachi, Ltd. Japan, 1981). Pq)-
sin enhances antibody-production by spleen ce l l s against 
heterolo@Dus materials. I t selectivi ty decon^oses immune 
complexes at neutral pH, and intravenous pepsin ameliorates 
synptoms in autoimmune disease models, such as immune cosplex 
glomerulonephritis and systemic l i^us erythematosus in mice. 
Pepsin may, therefore, act as a re^i lat ing factor in the immune 
system (Ohnishi, 1984), 
I t i s , therefore* concluded that the immobilized 
pepsin preparations made and used during these studies are of 
considerable inportance in view of thei r industrial u t i l i t y . 
5 , SUMJURY 
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5.1 Poreine pepsin was immobilized by three different 
methods. The methods ei^ioyed were chemioal aggre-
gation using glutaraldehyde as a bifunctional cz^ssXinking 
agentI co¥alent attachment to cyanogen bromide activated 
S^hadex G*200 and adsoirption to poly ethyl eneimine c o a t ^ 
cotton cloth followed ^ cross-linking with gLutarald^yde, 
The f i r s t two preparations were reproducibly pipettable, 
while the third p r^a ra t ion also gave reproducible resu l t s , 
5.2 Using acid-denatured hemoglobin and APOT as substrates* 
the act ivi ty of the cross-linked pepsin as cos;}ared to 
the native pepsin was 67% and 79% respectively. The activi ty 
shown by covalently lirOied p ^ s i n was 52% and 5C^ when Hb 
and casein were used as substrates, while that shown by ad-
sorbed pepsin was 3Q% and 81% respectively, 
^•3 The s tab i l i ty of the iomiobilized p ^ s i n p r^a ra t ions was 
followed u^to 160 days at k°Q, I t appeared that the 
enzyme prqiarations could be stored for even longer periods 
without any substantial loss in enzyme act ivi ty , 
5.4 Immobilization of pepsin by covalent attachment to 
Sqphadex G-200 resulted in shifting of the optimal pH 
of the proteolytic activity from 2,0 to 1,5. In the case of 
the other two prqoaratix>ns, the pK optima remained un<^anged. 
8 
5*5 The imisoMIized p ^ s i n preparations were quite stable 
to e>ctreme pH treatments ^pto 120 minutes of preincu-
bation. Under identical conditions the native enzyme los t 
most of i t s act ivi ty. 
5*6 Althou^ there was no difference between optiimim tem-
perature of the native and the immobilized p ^ s i n at 
60®C, the thermal s tabi l i ty of a l l the three immobilized 
preparations was increased at hi^ier temperature* This was 
also reflected in the higher Q^Q values for immobilized 
enzymes, P ^ s i n im&^bilized on cotton cloth had a lower 
activation ener©r (53730 cal/mole) than the native one 
(61358 cal/tK)le)» The activation energies of the cross-
linked pepsin and covalently linked p ^ s i n were 80198 cal/ 
mole and 66785 cal/mole, respectively, 
5,7 The denaturing effect of urea and guanidine hydrochlo-
r ide was l e s s pronounced for the imo^bilized pepsin 
than for the native p ^ s i n . Urea had an activating effect 
on a l l the three immobilized p ^ s i n preparations. Low 
concentrations of ^anidine-hydro^iloride activated the 
cross-linked pepsin and the cloth-boui»i p ^ s i n , Native 
pepsin was inactivated r ^ i d l y by these concentrations of 
Gdn-HQ, 
^•8 The immobilized pepsin preparations were quite stable 
when preincubated with either 4M urea or with 3H Gdn-
HCl. Even after inoubation with these denaturants for 120 
minutes^ the preparations were not inactivated* 
^•9 The immobilized pepsin p r^ara t ions could be repeated-
ly used with no loss in act ivi ty . 
5.10 The K« values o£ the cross-linked and cova l^ t ly -
linl^ed p ^ s i n preparations with respect to acid-dena-
tured hemoglobin were higher than t^at of the native p€psin« 
However» the ¥i of the cloth*bound p ^ s i n was lower as com-
pared to the K of the native p ^ s i n , which suggested that 
t h i s iiSBiobilized preparation had a higher affinity for the 
substrate. 
5.11 The degree of inhibition of ima^bilized p ^ s i n hy i t s 
inhibitor, p ^ s t a t i n , was directly related to the 
amount of inhibitor added to the assay mixture. Relatively, 
a l l the three immobilized pepsin preparations were more 
res is tant to the inhibitor as (^s^ared to native p ^ s i n , 
when acid-denatured haQOglobin was used as substrate. The 
Kj^  values of the imn^bilized p€;psin prq}arations had increa-
sed in con^arisen to that of the native pepsin. 
5.12 The hydrolysis of casein at 37®C, by p ^ s i n linked 
to 3<^hadex G-200 aivi to cotton cloth was carried out. 
The columns proved to be stable and could be used r^ea t ed ly . 
^.13 Limited cleavage of human IgG by p ^ s i n licmobilized 
on S^hadex G-2Q0 was done th rou^ a columna Tbe 
F(ab*)2 fs'agstents obtained were similar to those obtained 
commercially, as was found by ioasunodiffusion. 
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Porcine pepsin was immobilized by chemical aggregation 
using glutaraldehyde as a bifunctional crosslinking agent. 
The immobilized pepsin followed Michaelis-Menten ki-
netics (^„ = 5.3 X 10" /^l/7) and the yield of immobilization 
was 91%. The activation energy of the immobilized prep-
aration was 90,613 cal/mol as compared to 67,532 cal/mol 
for native pepsin. Using acid-denatured hemoglobin and 
A/-acetyl phenyl-alanyl-3, 5-diiodotyrosine (APDT) as 
substrates, the activities shown by the immobilized pepsin 
were, respectively, 67 and 79% that of the soluble pepsin. 
The immobiized pepsin showed marked stabilization 
against pH, temperature, urea, and guanidine hydro-
chloride. The activity of the immobilized preparation in 
the presence of urea was greater when hemoglobin was 
used as the substrate than when APDT was used as 
substrate. Storage of the preparation under refrigerated 
conditions for 160 days showed 58% retention in enzyme 
activity. The immobilized pepsin can be removed from 
the reaction mixture volume easily, retaining nearly 100% 
of its activity even after being used in seven consecutive 
assays. 
INTRODUCTION 
Immobilized enzymes have great potential in the 
chemical and food industries due to their high stability 
and reusability.'" Pepsin, known to undergo rapid in-
activation above pH 6, has been fixed to a large number 
of inert supports,'"* including glutaraldehyde-activated 
amino-ethyl cellulose' are amino-hexyl Sepharose.'" 
All these methods of immobilization are time consum-
ing, uneconomical, and lead to increase in reaction 
mixture volume. This article describes the preparation 
and properties of a fine suspension of insoluble pepsin 
using glutaraldehyde as the crosslinking agent. 
EXPERIMENTAL 
Porcine pepsin (twice crystallized; grade 1:60,000 
from Sigma Chemical Company, St. Louis, MO) was 
used without further purification. Hemoglobin (bovine) 
and Af-acetyl-L-phenylalanyl-3,5-diiodotyrosine, used 
for the assay of peptic activity, and glutaraldehyde 
[25%(w/v)] were also purchased from Sigma. AH the 
other reagents were of analytical grade. 
Biotechnology and Bioengineering, Vol. XXVII, Pp. 415-419 (1985) 
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Preparation of Immobilized Pepsin 
The immobilization of pepsin was performed by the 
method of Habeeb" with modifications as described. 
Ammonium sulfate was added to 1 g enzyme dissolved 
in 20 mL of O.IM sodium acetate buffer (pH 4.0) to 
give a final concentration of 50% (w/v) saturation. 
The solution was placed in a refrigerator at 4°C for 
4 h and 1.6 mL of 25% aqueous solution of glutar-
aldehyde/g dry wt of the enzyme was added so that 
the final concentration of glutaraldehyde was 2% (v/v). 
The solution was placed on a mechanical shaker for 
2 h at room temperature to effect crosslinking. The ex-
cess aldehyde reagent was removed by the addition of 
1.2 g sodium bisulfite. The solution was centrifuged 
at 2000 rpm at room temperature, and the precipitate 
was washed free of color with saline (0.85% NaCl). 
The precipitate suspended in O.IM sodium acetate 
buffer (pH 4) was treated with 25mM sodium boro-
hydride for 3 min to saturate the crosslinked product. 
It was repeatedly washed with O.IM sodium acetate 
buffer (pH 4) and homogenized in a potter Elvehjam 
homogenizer with loosely fitting Teflon for 60 s. The 
immobilized preparation was then stored at 4°C sus-
pended in the same buffer and used as insoluble pepsin. 
Determination of Protein Concentration 
The amount of protein crosslinked to glutaraldehyde 
was determined as the difference between the protein 
(Lowry positive material) originally added in the re-
action mixture and that remaining in the filtrate and 
washing solution after insolubilization. 
Assay of Peptic Activity Using Hemoglobin (Hb) 
as Substrate 
The hemolytic activity of pepsin was determined 
using the method of Anson'^ with some modifications. 
The assay mixture in a total volume of 1 mL containing 
either 0.2 mL suitably diluted native pepsin (28 /u-g/mL) 
or the same amount of immobilized pepsin in O.IM 
CCC 0006-3592/85/040415-05$04.00 
KCl-HCl buffer (pH 2) or 0.3 mL of O.IM KCl-HCl 
buffer (pH 2) was preincubated at 37°C, for 5 min. 
One-half milliliter of 2% acid denatured Hb at pH 2, 
dissolved in the same buffer, was added to the prein-
cubated mixture and reincubated at 37°C for 15 min. 
The undigested Hb, precipitated with 0.5 mL of 20% 
(w/v) trichloroacetic acid, was removed by centrifu-
gation at 3000 rpm for 10 min. Controls tubes were 
also run, in which TCA was added before tlie addition 
of Hb. The extent of hydrolysis was determined in a 
suitable aliquot by the procedure of LoWry et al. 
using tyrosine as the standard. Under the described 
conditions, an optical density of 1 is equal to 82 fxg 
of tyrosine. The direct absorption measurement of a 
suitable dilute aliquot at 280 nm in a Bausch & Lomb 
Spectronic 21 model UV-D spectrophotometer was 
used to calculate the tyrosine content of the TCA-
soluble oligopeptides. 
One enzyme unit is defined as that amount of enzyme 
which releases 1 nmol tyrosine/15 min at 3TC. Specific 
activity is defined as enzyme units per niiHigram of 
protein. 
Assay of Peptic Activity Using /V-Acety! Phenyl-
Alanyl-3,5-Diiodo L-Tyrosine (APDT) as Substrate 
For the assay of pepsin using APDT as the substrate, 
the method of Tang'" was modified. Th^ substrate 
solution at a concentration of 0.002M was prepared 
in 0.005M freshly prepared sodium hydroJ^ide. 
To 0.02 mL of suitably diluted native pepsin solution 
(280 /Ug/mL) or the same amount of immobilized prep-
aration in O.IM KCl-HCl buffer, pH 2, 0-55 mL of 
O.OIN HCl was added. The reaction was started by 
the addition of 0.25 mL of the substrate solution. After 
incubation at 37°C for 1 h, the reaction was terminated 
by adding 0.5 mL of ethylene-glycol monomethyl ether, 
and the absorbance of the liberated 3,5-diiodO-L-tyrosine 
was read at 280 nm on a Bausch & Lomb Spectronic 
21 model UV-D spectrophotometer after appropriate 
dilution with distilled water. 
RESULTS AND DISCUSSION 
Nature of the Insolubilized Pepsin 
The treatment of the ammonium-sulfate-precipitated 
enzyme with glutaraldehyde resulted in the formation 
of a brownish-yellow crosslinked insolubiliz^ ed product 
with significant proteolytic activity. The reaction of 
glutaraldehyde with proteins can be considered a two-
step process. The first step is the formation of soluble 
intermolecularly crosslinked complexes, followed by 
a second rapid step leading to insolubilization.'^ 
The proteolytic activity shown by the insoluble 
product is 67% of the activity exhibited by the soluble 
pepsin. The lowered activity of the insoluble enzyme 
specially using a macromolecular substrate like hemo-
globin may be due to the steric hindrance in the ap-
proach of substrate molecules to the active site.'* When 
a low-molecular-weight synthetic substrate (APDT) was 
used, the activity shown by the insoluble preparation 
was 79% that of the soluble enzyme. Moreover, a 
slight enhancement of the K„ value (Table I) of the 
immobilized preparation as compared to that of native 
pepsin is suggestive of the less available active sites 
of the insoluble preparation. The specific activity of 
the insoluble pepsin is shghtly lowered (Table I). The 
yield of the immobilized pepsin is 83%, and the percent 
immobilization amounts to 91%. The immobilized en-
zyme had 58% of its original proteolytic activity after 
storage for 160 days at 4°C. The enhanced storage 
stability of the immobilized preparation is due to the 
prevention of autodigestion as a result of the fixation 
of enzyme molecules with glutaraldehyde. Since 
crosslinked enzyme molecules can hardly come in 
contact with each other, the probability of peptic 
digestion of active enzyme molecules is greatly reduced. 
Effect of Temperature 
Insolubilization of pepsin does not result in any shift 
of temperature optima of 60°C (Fig. 1). However, under 
similar assay conditions, the activation energy of im-
mobilized pepsin (90,613 cal/mol) is higher than that 
of native pepsin (67,532 cal/mol). The effect of tem-
perature on the activity of the insoluble pepsin is a 
reflection of two competing phenomena, i.e., an increase 
in the number of effective collisions due to increasing 
temperature and loss of active molecules due to thermal 
denaturation at elevated temperatures. 
On preincubation at 70°C, the soluble enzyme retains 
only 21% activity while the insoluble preparation has 
50% activity. At 55°C, the soluble pepsin has 88% 
activity while the immobilized pepsin shows a 44% 
enhancement in its total activity. This enhancement 
in activity could be due to the unfolding of the im-
mobilized preparation by heating, in a way that makes 
more active enzyme sites available to the substrate. 
When the stabilities of native and immobilized pepsin 
were compared at 65°C, over a period of 120 min (Fig. 
2), it was observed that the insoluble pepsin had en-
hanced resistance to thermal denaturation. Incubation 
at 65°C for 120 min results in the retention of only 
10% activity in the native pepsin, while the insolubilized 
enzyme retains 41% activity under similar conditions. 
Table I. Kinetic parameters of native and insoluble pepsin. 
Insolubilized 
Native pepsin pepsin Kinetic parameters 
f- 3.07 X lO^'M 5.30 x ir'M 
Specific activity tt ^A^,^^^ ^Vmrte^mg 
Percent activity (Hb substrate) 100% 67% 
Percent activity (APDT substrate) 100% 79% 
Energy of activation 67,532 cal/mol 90,613 ca]/moJ 
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Table II. The 2,,, values for soluble and insolubilized pepsin 
20 30 40 50 60 70 
Temperature (°C) 
Figure 1. Temperature Activity Profile Native and insoluble pepsin 
olutions were made m 0 1 M KCl-HCl buffer, pH 2 and their activities 
were determined after being assayed at the indicated temperatures 
(O) Native pepsin, (•) Immobilized pepsin 
This resistance to thermal denaturation is supported 
by the 2io values of the insoluble pepsin between 20 
and 60°C, which are higher than those for the native 
pepsin (Table II). 
Effect of pH 
As shown in Figure 3, there was no appreciable 
alteration in the pH-activity profile of pepsin as a 
result of insolubilization. There was no shift in the pH 
optima, although a slight broadening in the pH profile 
of insolubilized pepsin was observed. Very similar 
results were obtained when pepsin'" and other 
enzymes'^ were immobilized on different matrices. In-
cubation of both enzymes at pH 4 over a period of 
120 min shows that the immobilized preparation is 
highly resistant to this pH. 
Temperature 
(°C) 
20-30 
30-40 
40-50 
50-60 
60-70 
Soluble pepsin 
1 96 
1 36 
1 59 
1 18 
0 61 
Qw 
Insolubihzed pepsin 
3 38 
1 64 
1 63 
1 60 
0 54 
° Qm represents the ratio of the activities measured at temperatures 
T + 10°C and I°C, its values were calculated from the data shown 
in Figure 1 
Effect of Denaturants 
In order to study the effect of insolubilisation on 
the resistance of the enzyme to denaturation, the effects 
of urea and guanidine hydrochloride were investigated. 
Figure 4 shows that there is almost no effect of even 
8M urea on the native and immobihzed pepsin when 
APDT was used as the substrate. However, when Hb 
was used as substrate, native pepsin showed a slight 
increase in activity in lOM urea. Under similar assay 
conditions, the insolubilized enzyme showed a marked 
increase in activity as a function of urea concentration 
and reached to a maximum, i.e. 181%, at lOM urea 
concentration. 
To check the stabilities of native and immobilized 
pepsins against 4M urea, incubation of the enzymes 
with urea was performed over a time period of 2 h, 
and their were activities determined. Both native as 
well as immobilized pepsin showed an increase in ac-
tivity towards Hb when exposed to 4M urea. A marked 
increase (42%) in activity was noted in the case of the 
immobilized preparation, whereas the activity increase 
in the case of the native enzyme was only 18%. The 
15 30 60 90 120 
Preincubation Time (mm) 
Figure 2. Thermal Inactivation of Native and Immobilized Prep-
arations of Pepsin at 65°C Native and insoluble pepsin in 0 1 M 
KCl-HCl buffer, pH 2 0, were incubated at 65°C Aliquots were 
removed at various intervals of time, chilled and activity was de-
termined at 37°C (O) Native pepsin, (•) Immobilized pepsin 
Figure 3. The pH-activity profile Hb solutions were prepared in 
buffers at the indicated pH values. The activUies of native and 
insolubilized pepsin were determined using these buffer solutions 
The buffers used for the various pH ranges were KCl-HCl (pH 
1 2), sodium citrate (pH 3), sodium acetate (pH 4 5), and sodium 
phosphate (pH 6) The molarity of all the buffer solutions w as 0.1M. 
The symbols are (O) native pepsin and (•) insoluble pepsin 
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2 A 6 8 10 
Urea Concentration (M) 
Figure 4. Effect of increasing urea concentration Different solutions 
of native and insoluble pepsin were prepared in O.IM KCl-HCl 
buffer (pH 2), and urea was added to make their concentration as 
indicated These solutions were incubated at 37°C for 230 mm and 
then their activities were determined as described in the text The 
symbols are (O) native pepsin (Hb substrate), (•) immobilized 
pepsm (Hb substrate), (A) native pepsin (APDT substrate), and (A) 
insoluble pepsin (APDT substrate) 
increase in activity of immobilized pepsin in 4M urea 
tended to become constant after 60 min. When the 
stability of native and immobilized pepsin against 4M 
urea as a function of time was studied, using APDT 
as substrate, it was seen that there was no effect on 
the activity of the native enzyme even after 120 min 
contact with the reagent. However, the immobilized 
enzyme showed a slight enhancement in its activity. 
Since the native pepsin did not show any increase in 
activity, it means that the enzyme molecule is not 
unfolded by the action of urea. 
The increased activities of native and immobilized 
pepsin using Hb as substrate, in the presence of urea, 
may be attributed to the unfolding of the proteinic 
subtrate (Hb) by urea, thus making it more susceptible 
to enzymatic cleavage. This view is supported by 
Siddique'* who used acid-denatured casein as a sub-
strate for trypsin. Another reason for the increase in 
activity of immobilized pepsin in the presence of urea 
when Hb or APDT was used as substrate, may be the 
availability of active sites. During the formation of 
enzyme aggregates by ammonium sulfate precipitation, 
electrostatic interaction takes place between the enzyme 
molecules, and further treatment with glutaraldehyde 
resulted in covalent bond formation. It is likely that 
the electrostatic bonds are disrupted by treatment with 
urea making the active sites more accessible to the 
substrate, ultimately resulting in the enhancement of 
the activity to the immobilized preparation. Pepsin is, 
therefore, similar to carboxypeptidase,'' trypsin and 
chymotrypsin '^^  in that its action on proteins is accel-
erated in urea solution. 
The effect of another denaturant, guanidine hydro-
chloride, upon pepsin was studied (Fig. 5). It was seen 
that at low Gdn-HCl concentration, the native pepsin 
lost a little of its activity. When the Gdn-HCl con-
centration was increased to 3M, the activity of native 
2 4 6 8 10 
Concentration of Gdn-HCl (M) 
Figure 5. Effect of mcreastng guadnidine-hydrochlonde concen-
tration. Native and immobilized preparations of pepsm in 0 IM 
KCl-HCl buffer (pH 2) were taken and increasing amounts of Gdn-
HCl were added to them These solutions were incubated at 37°C 
for 20 min and then their activities were determined The symbols 
are (O) native pepsin (Hb substrate) and (•) Immobihzed pepsin 
(Hb substrate) 
pepsin declined sharply and further increase in Gdn-
HCl concentration resulted in its complete inactivation, 
after 20 min contact with the reagent. Similar results 
have been reported by Blumenfeld and co-workers.^' 
However, when the immobilized preparation was sub-
jected to similar conditions, it was found that there 
was considerable increase, i.e., 92% in its activity at 
low Gdn-HCl concentration. The activity decreased 
at higher concentrations of the reagent but the im-
mobilized pepsin was still not totally inactivated even 
when in contact with I CM Gdn-HCl for 20 min. The 
initial increase in activity of immobilized pepsin could 
be due to a conformational change in the enzyme, 
leading to availability of active sites at low concentration 
of Gdn-HCl. As the concentration of the reagent is 
increased, the amino acids present on the active site 
essential for catalytic activity are affected and, con-
sequently, a sharp decrease in the activity of the im-
mobihzed preparation is achieved. However, retention 
of some activity at higher Gdn-HCl concentrations 
may be due to the rigidity conferred by crosslinking 
the enzyme molecules with glutaraldehyde. 
The stability of native and immobilized pepsin against 
2M Gdn-HCl as a function of time shows that there 
is a 21% decline in hemolytic activity of the native 
pepsin when it has been incubated with 2M Gdn-HCl 
for 120 min. On the other hand, the immobilized prep-
aration showed a sharp increase in activity when in 
contact with the reagent for 15 min. However, on 
further incubation of the immobilized pepsin with 2M 
Gdn-HCl, there was a small decrease in its activity, 
the activity being 146% after 2 h incubation. Therefore, 
it is inferred that low concentrations of these denaturants 
directly stimulate proteolytic activity towards Hb. This 
stimulation may be associated with slight conformational 
changes, notably in the asymmetrical microenvironment 
of aromatic amino acids and in the polypeptide 
backbone. ^ ^ 
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Reusability 
The insolubilized preparation of pepsin is highly 
reusable Only 2% activity is lost after the seventh 
assay. The reusability of pepsin is advantageous dunng 
the continuous production of beer and wine,^ ^ obtaining 
F (ab')2 fragments from IgG'° and in amino acid anal-
ysis,^" when it IS used in enzyme reactors 
From the above studies, it can be concluded that 
the folding of pepsin differs markedly from that of 
other enzymes In the immobilized preparation, the 
bonds that maintain the configuration essential for bi-
ological activity are not affected adversely by heat 
and various denaturants as are urea and guanidine-
hydrochloride 
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